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Infroduction

Estrogen promotes an increased incidence of breast cancer in women, while anti-
esfrogen therapy both limits recurrences and prevents the development of primary
disease in genetically predisposed individuals. The purpose of the studies
proposed in our grant is to determine the cellular mechanisms by which estrogen
enhances the survival of breast cancer.

Body
In conjunction with the statement of work, we continue to determine mechanisms

by which estradiol (E,) and membrane estrogen receptors (ER) act as survival and
growth stimulus for breast cancer. We found that serine 522 of mouse ERo. is
-necessary for plasma membrane localization. When expressed in MCF-7 or 2R-75-1
cells, a mutant S622A ERa heterodimerizes and sequesters the membrane ER but
not the nuclear ER, leading to ERK downregulation (but no effect on ER E-
franscription). We showed that E,-induced ERK importantly contributed to cyclin D,
synthesis, increased Cdk4 activity against the retinoblastoma protein (inactivating
phosphorylation), and subsequent G,/S cell cycle passage. This was all markedly
inhibited by expression of the $522A mutant ERa in the breast cancer cells. The
data mechanistically support a role for ERK and membrane ER in mediating breast
cancer proliferation and survival, and validate a novel reagent to specify
membrane-initiated versus nuclear-initiated signaling by estrogen in breast cancer
Mol Cell Biol 23:1633-46, 2003).

We also determined the mechanism by which membrane ER signals to ERK in
breast cancer. This involves a cross talk o the EGF receptor, which is
transactivated by the membrane and not nuclear ER. In fact, it is the E domain of
ERa that is sufficient to accompilish this. E, ligation of membrane ERo causes a G o
and Ga-dependent activation of Src via PKC and calcium signaling. This leads to
Src-induced matrix metalloproteinase 2 and 9@ cleavage/activation and liberation
of Ho-EGF. Hb-EGF then binds and activates EFR, leading to both ERK and PI,K
upregulation in MCF-7 cells (J Biol Chem 278:2701-12, 2003). This was also reviewed
in Mol Endo 17:309-17, 2003.

We also determined that signaling from the membrane receptor through P, kinase
resulted in the upregulation of 250 genes in the endothelial cell. This mdlco'res that
referable to the tumor vasculature, transcription of important target genes thart
participate in angiogenesis and other processes is modulated by the membrane
ER signaling (J Biol Chem 277:50768-75, 2002).

Very recently, we addressed the issue of whether infact BRCAT1 interacts with
membrane ER function to prevent signaling to cell proliferation and survival. In
initial studies, we found that in MCF-7 and ZR-75-1 cells, that expression of intact
BRCAT1 inhibits E2-induced ERK and cell proliferation over a 72-hour period. In
contrast, three mutant BRCAT1 proteins found in women with breast cancer do not
affect these functions of ER. Intact BRCA1 also inhibited EGF-induced ERK and cell
proliferation. Our studies indicate that BRCAT, in the setting of E2, induces a MAP
kinase phosphatase, MKP-1 and enhances phosphatase activity to downregulate




ERK. Furthermore, expression of membrane localized or nuclear localized ERa.
supports E,-induced proliferation in the absence of the other pool of ER (Mol Cell
Biol, In press, July 2004).

Most recently, we have found that the endogenous ERa + ERB at the plasma
membrane of breast cancer cells exist predominantly as homodimers in the
presence of E,, and secondarily as ERo/ERP heterodimers. We showed that
dimmer formation is necessary for signaling to ERK, PI, kinase and cAMP, G protein
activation and EGFR transactivation. ER dimer-induced signaling also is needed
for the cell survival effect of E,/ER in breast cancer (Mol Endocrinology. In press).

Key Research Accomplishments
¢ |dentification of a structural determinant (serine 622) that is necessary for
membrane localization of ERa.

o Development of a new specific reagent, a mutant ERa (S622A) that only
downregulates endogenous membrane ER function.

e Proving that signaling through ERK by membrane ER is important for cell
cycle progression of breast cancer.

. Elucidoﬂon of the important cross talk steps between membrane ER and the
EGF receptor, resulting in breast cancer proliferation.

¢ |dentification of a new tumor suppressor function for intact BRCAT, lost when
mutated, thus predisposing to breast cancer development.

Reportable Outcomes

Abstracts and Presentations

1. Razandi M, Alton G, Pedram A, Shonshani S, Levin ER. Serine 522 of

mouse estrogen receptor alpha is essential for membrane localization, signaling
and cell biology. Presented at the 84™ Annual Meeting of the Endocrine Society,
San Francisco, CA, June 2002.

2. Pedram A, Razandi M, Park ST, Levin ER. Proximal events in membrane
estrogen receptor signaling requires G-protein induced transactivation of the EGF
receptor. Presented at the 84™ Annual Meeting of the Endocrine Society, San
Francisco, CA, June 2002. ' ,

3. Razandi M, Pedram A, Rosen E, Levin ER. Wild type BRCAT1 inhibits membrane
ER signaling to ERK and breast cancer cell proliferation. Presented at the 85"
Annual Meeting of the Endocrine Society, Philadelphia, PA, June 2003.



4. Razandi M, Pedram A, Levin ER. ERa exists and functions as a dimer af the
plasma membrane. Presented at the 86" Annual Meeting of the Endocrine
Society, New Orleans, LA, June 2004,

Manuscripts

1. Pedram A, Razandi M, Aitkenhead M, Hughes CCW, Levin, ER.

Integration of the non-genomic and genomic actions of estrogen: membrane
initiated signaling by steroid (MISS) to transcription and cell biology. J Biol Chem
277(52):50768-50775, 2002.

2. Razandi M, Pedram, A, Parks S, Levin ER. Proximal events in ER signaling
from the plasma membrane. J Biol Chem 278:2701-2712, 2003.

3. Levin ER. Bi-directional signaling between the estrogen receptor and the
epidermal growth factor receptor. Mol Endocrinol 17:309-17, 2003.

4. Razandi M, Alton G, Pedram A, Ghonshani S, Webb D, Levin ER.
Identification of a structural determinant for the membrane localization of ERo.. Mol
Cell Biol 23(3): 1633-1646, 2003.46, 2003.

5. Razandi M, Pedram A, Rosen E, Levin ER. BRCAT inhibits membrane estrogen
and growth factor receptor signaling fo cell proliferation in breast cancer. Mol Cell
Biol 24.(In press).

6. Razandi M, Pedram A, Merchenthaler |, Greene GL, Levin ER. Plasma
membrane estrogen receptors exist and functions as dimers plasma membrane
estrogen receptors exist and functions as dimers. Mol Endocrinol (In press).

Conclusions

Estradiol signaling from membrane ER is important to breast cancer cell survival
and growth. The ERK pathway is very important in this regard, and activation of
ERK by membrane ER requires cross talk fo the EGF receptor. These results justify
developing ER antagonists that selectively act at the cell membrane, to help
prevent and treat breast cancer.
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" Estrogen. binds to receptors that translocate to the
plasma membrane and to the nucleus. The rapid, non-
genomic actions of this sex steroid are attributed to mem-
brane action, while gene transcription occurs through
nuclear receptor function. However, gene transcription
can also result from estrogen signaling initiated at the
membra'ne, but the relative importance of this mechanism
is not kriown. In vascular endothelial cells (EC), estradiol
Ey) ‘activates’ several kinase cascades, including phos-
phatidylinositol 3-phosphate (PISK)/Akt, a signaling path-
way that impacts EC biology. We determined here by DNA:
microarray:that 40-min exposure to E, significantly in-
creased 250 genes in EC, up-regulation that was substan-
tially prevented: by the PISK inhibitor, LY294002. This
coincided with maximum E.-induced PI3K activity at
15-30 min: An important vascular gene strongly up-regu-
lated by E, in our array produces cyclooxygenase-2 (Cox-
2).In: cultured EC, E; induced both Cox-2 gene expression
and new Cox-2 protein synthesis by 40 and 60 min, respec-
tively, and rapidly stimulated the secretion of prostaglan-
dins PGI2 and PGE2 The up-regulation of gene expression
reflected transcriptional transactlvatlon, shown using
Cox-2 promoter/luciferase reporters in the EC, Soluble
inhibitors or dominant negative constructs for PI3K and
ALt prevented all these actions of E,. Functionally, EC
migration was ‘induced by the sex steroid, and this was
significantly reversed by NS-398, a Cox-2 inhibitor. Gene
transeription. and:cell biological effects of estrogen ema-
nate firom' rapld -and' specific signaling, integrating cell
surface and nuclear actnons of this steroid.

Estradiol ‘Ez)l and other steroxd hormones are tradmonally

o consxdered ‘to transact:wate target genes after binding nuclear
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receptors (1). However, E, also has rapid, non-genomic effects
(2-4), and these have recently been attributed to cell mem-
brane-initiated signaling. At the cell surface, a small popula- -
tion of ER binds E, and activates G proteins (5-7). Multiple
signaling pathways are then rapidly stimulated by E, in target
cells that express endogenous ERa and ERp, and these path-
ways have been linked to discrete cellular actions of the steroid
(8-11). In this respect, a truncated MTA1 protein was recently
found to be highly expressed in aggressive breast cancer (12).
This protein sequesters ER away from the nucleus and strongly
reduces E,-activated franscription yet promotes increased
ERK signaling and aggressive behavior of the tumor. It is
proposed therefore that the integration of cell surface and
nuclear signaling impacts overall cell biology (13).

Signaling from the membrane leads to the post-translational
modification of important structural and functional proteins in
the cell. In EC, E, activates the p38-MAPKAP-2 kinase path-
way; MAPKAP-2 phosphorylates and modifies the function of
heat shock protein 27 (14). This important modification leads to
the morphological preservation and survival of the EC and
stimulates primitive capillary tube formation. In breast cancer,
E, acts as a cell survival factor, in part by preventing chemo-
therapy or radiation-induced JNK activation (9). JNK phospho-
rylates and inactivates Bel2 and Bel-xl, leading to the assembly
of the apoptosome and caspase-mediated cell death. By pre-
venting JNK activation and Bcl2/Bcl-xI phosphorylation, E,
rescues the breast cancer cells (9). This provides a mechanism -
for the ability of E, to oppose therapeutic interventions in this
malignancy.

In addition to post-translational protein effects, E, is recog-
nized to stimulate transcription through signaling typically
initiated at the membrane. As precedent for this effect of E,,
growth factor tyrosine kinase receptors (insulin-like growth
factor-1 receptor and epidermal growth factor receptor) exist in
the plasma membrane and signal through common kinase cas-
cades to gene transcription; E, effects’ may involve the G pro-
tein-initiated, signaling-induced- synthesw ‘or_ activation of
transcription factors. E, stimulates c-fos through ERK-or PI3K-
dependent pathways (15 17) the BCL-2 gene through the mod-

that are rap:dly up-r 1
activation of. EI3K-,;.W
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Estradiol (E2) rapidly stimulates signal transduction

" from plasma membrane estrogen receptors (ER) that are

G protein-coupled. This is reported to occur through the
transactivation of the epidermal growth factor receptor
(EGFR) or insulin-like growth factor-1 receptor, similar
to other G protein-coupled receptors. Here, we define

, the signaling events that result in EGFR and ERK acti-

vation. E2-stimulated ERK required ER in breast cancer
and endothelial cells and was substantially prevented
by expression of a dominant negative EGFR or by tyr-
phostin AG1478, a specific inhibitor for EGFR tyrosine
kinase activity. Transactivation/phosphorylation of
EGFR by E2 was dependent on the rapid liberation of
heparin-binding EGF (HB-EGF) from cultured MCF.7
cells and was blocked by antibodies to this hgand for
EGFR. Expression of dominant negative mini-genes for
Ga, and Ga; blocked E2-induced, EGFR-dependent ERK
activation, and Ggv also contributed. G protein activa-
tion led to activation of matrix metalloproteinases
(MMP)-2 and -9. This resulted from Src-induced MMP
activation, implicated using PP2 (Src family kinase in-
hibitor) or the expression of a dominant negative Src
protein. Antisense oligonucleotides to MMP-2 and
MMP-9 or ICI 182780 (ER antagonist) each prevented
E2-induced HB-EGF liberation and ERK activation. E2
also induced AKT up-regulation in MCF-7 cells and p388
MAP kinase activity in endothelial cells, blocked by an
MMP inhibitor, GM6001, and tyrphostin AG1478. Target-
ing of only the E domain of ERa to the plasma membrane
resulted in MMP activation and EGFR transactivation.
Thus, specific G proteins mediate the ability of E2 to
activate MMP-2 and MMP-9 via Src. This leads to HB-
EGF transactivation of EGFR and signaling to multiple
kinase cascades in several target cells for E2. The E

. domain is sufficient to enact these events, defining ad-
" ditional details of thé important cross-talk between

membrane ER and EGFR in breast cancer.

Steroid hormones such as estrogen are essential to the de-
velopment and reproductive functions of prokaryotic and eu-
karyotic organisms. Traditionally, steroid hormone action was

* This work was supported by a grant from the Research Service of
the Department of Veteran’s Affairs, a grant from the Avon Products
Breast Cancer Research Foundatlon Department of Defense Breast
Cancer Research Program Grant B0990915 and National Institutes of
Health Grant HL-59890 (to E. R. L.). The costs of publication of this
article were defrayed in part by the payment of page charges This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

9 To whom correspondence should be addressed: Medical Service
(111-I), Long Beach VA Medical Center/UC-Irvine, 5901 E. 7th St.,
Long Beach, CA 90822. Tel.: 562-826-5748; Fax: 562-826-5515; E-mall
ellis.levin@med.va.gov.

This paper is available on line at http://www.jbc.org
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exclusively attributed to the binding of nuclear receptors and

the subsequent transactivation of target genes that led to cell
biological effects (1). More recently, it has become clear that’
steroids rapidly act on.cells, in seconds to minutes, effects that
are classified as “nongenomic” (reviewed in Ref. 2). For estro-
gen, this has been attributed in most cells to binding a popu-

‘Iation of receptors that exists within caveolar rafts and other

domains in the plasma membrane (3-5). It is at the plasma
membrane that estradiol (E2)!-liganded estrogen receptors
(ER) physically associate with the scaffold protein, caveolin-1
(5), and a variety of proximal signaling molecules, including G
proteins (6, 7), Src and Ras (8, 9), and B-Raf (10). This results
in the activation of cascades of signal transduction, mainly
evolving from G protein activation. Comparable with many
other G protein coupled receptors (GPCR), G protein activation
by ER (6, 7) leads to the stimulation of phospholipase C (11),
protein kinase C (12), ERK (9), and phosphatidylinositol 3-ki-
nase and nitric-oxide synthase (13). These positive signaling
effects are cell context-specific, and in some cells, estrogen
inhibits cytokine-related signal transduction to cell differenti-
ation, proliferation, migration, or cell death (14-17).

What is the nature of the mémbrane ER, and how does it
enact signal transduction? Current evidence favors the idea
that the membrane and nuclear ER are the same protein.
Antibodies directed against many epitopes of the classical ER«
receptor identify membrane ER by immunocytochemistry (18).
Expression of antisense DNA to the “nuclear” ER also abro-
gates the detectable expression of membrane ER in cells con-
taining endogenous receptor (19). In CHO cells, expression of a
single cDNA for either ERa or ERB produces both membrane
and nuclear receptor populations and results in E2 activation
of signal transduction from the membrane (6). In many cell
types, endogenous membrane ER have been identified (15, 18,
20) and appear to reflect the localization of receptors that also
have the capacity to translocate to the nucleus. The structural
aspects of the membrane ER that allow it to activate signaling
molecules are not well defined. Assuming that the sequence of
the nuclear receptor is the same as the membrane ER; there is
no catalytic or kinase sequence inherent to the structure. Re-
cent evidence favors the idea that the E domain of the mem-
brane ER is essential (and perhaps sufficient) for activation of
the ERK cascade (5), leading to cell survival (17). Additionally,
the AF-1 domain of ERa has been identified to interact with the
adapter protein, She, in whole cell homogenates (21). Thus, the

! The abbreviations used are: E2, estradiol; ER, estrogen receptor(s);
EGF, epidermal growth factor; EGFR EGF receptor(s); GPCR, G pro-
tein-coupled receptor(s); MMP, matrix metalloproteinase(s); PLC, phos-
pholipase C; PKC, protein kinase C; HB-EGF, heparin-binding epider-
mal growth factor; TGF, transforming growth factor; EC, endothelial
cell(s); CHO, Chinese hamster ovary; ASO, antisense oligonucleotide(s);
MSO, scrambled antisense oligonucleotide(s).
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Integratlon of the Non genomic and Genomic Actions of Estrogen

Ez-mduced PI3K actlvatxon to up regulate one spemﬁc gene,
Cox-2, leading to. the productxon of the enzyme ‘secretion of
products of Cox-2 ‘activation, and’ EC mlg'ratxon “This approach
- can be used to identify programs of gene activation that result
from membrane-mmated steroid signaling (MISS)2 by E,.

MATERIALS AND METHODS

PISK Acthty AssaymEC were incubated with/without 10 nM E, and
10 uM LY294002 for up to 6 h. Cells were then lysed, and the !ysates
pelleted then dissolved in SDS sample buffer, boiled, separated, and
transferred onto nitrocellulose. Phosphorylated Akt was detected using
phospho-specific monoclonal antibodies (Santa Cruz Biotechnology) and
the ECL Western blot kit. Equal samples from the cells were also
immunoprecipitated, and immunoblots of the precipitated kinase pro-
tein from each experimental condition were determined to show equal
gel loading. All experiments were repeated two or three times.

DNA Arrays—Human umbilical vein endothelial cells were incu-
bated without or with 10 nM E, with or without the specific PISK
inhibitor, LY294002 (10 uM), or LY294002 alone, for 40 min. For vali-
dation, the experiment was repeated a second time. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and by
RNeasy columns (Qiagen, Valencia, CA). Total RNA was adjusted to 1
pg/rl, and first-strand ¢cDNA, followed by double-stranded ¢cDNA was
synthesized from poly(A)* mRNA by the Microarray Facility at the
University of California, Irvine. This was done using the SuperSecript
double-stranded cDNA synthesis kit (Invitrogen) and poly(T) nucleotide
primers that contained a sequence recognized by T7 RNA polymerase.
A portion of the resulting double-stranded ¢cDNA was used as a tem-
plate to generate biotin-tagged cRNA from an in vitro transeription
reaction (IVT) using the BioArray High-Yield RNA transcript labeling
kit (T7) (Enzo Diagnostics, Farmingdale, NY). 15 ug of the biotin-
tagged cRNA was fragmented to strands of 35-200 bases in length
following prescribed protocols (Affymetrix GeneChip Expression Anal-
ysis Technical Manual). 10 ug of the fragmented ¢cRNA was hybridized
with rotation at 45 °C for 16 h to probe sets present on an Affymetrix
human U95a array (Affymetrix, Santa Clara, CA). The arrays were
automatically washed and stained with streptavidin-phycoerythrin.
Probe arrays were then scanned on a Hewlett-Packard GeneArray scan-
ner. Affymetrix Microarray Suite 5.0 was used to quantify and analyze the
average difference in intensities between conditions of the experiment, for
each representéd gene. The comparisons between conditions were output-
ted as -fold increase or decrease, or no change, and data were compared
with determine which genes were E,-responsive in a PI3K-dependent
fashion. This output was then inserted into a stringent, Bayesian-based
statistical analysis program (Cyber-T) (21), available as a web interface at
the University. of California at Irvine. The upper 2.5% of genes identified
as being significantly different by Cyber-T (and in agreement with the
Affymetrix analysis) are presented in table form.

RT-PCR and Reporter Assays—Validation of differential expression
was performed by RT-PCR for four genes identified in the microarray
and was standardized. to glyceraldehyde-3-phosphate dehydrogenase.
¢DNA was prepared from 3. ug of total RNA isolated from EC, primed
. with random. hexamers: (Invitrogen), and reverse-transcribed with
" Superscript I’ (Inwtrogen) per the manufacturer’s instructions. The

primers: were prepared by Invitrogen for the following sequences;
Cox-2; TGGGAAGCCTTCTCTAACCTCTCCT and CTTTGACTGTGG-
GAGGATACATCTC; CREM, TGGAAACAGTTGAATCACAG; and
,CTACTAATCTGTTTTGGGAG EGR2, CAGTACCCTG-GTGCCAGCTG
and TGTGGATCTCTCTGGCACGG JUN-B; CCGGATGTGCACGAAA-
ATGGAACAG and ACCGTCCGCAAAGCCCTCCTG; glyceraldehyde-3-
phosphate dehydrogenase ACCACAGTCCATGCCATCAC and TCCA-
CCACCCTGTTGCTGTA PCR reactions were performed using 200 nm
‘of primers with 2 p.l of ¢DNA in 50 ul of Platinumm PCR supermix
{Invitrogen): ‘After an initial denaturation step of 94 °C for 4 min, 25-35
cycles of 94 °C for 30's, 55—81 °C for 45 s, 72 °C for 30-45 s, and a final
exténsion:at:72°C for 10 min. The PCR products were separated by
electrophoresxs in a 1.2% agarose gel and visualized by ethidium bro-
_mide-'staining. The cycle number and annealing temperature was ad-
justed for each of the genes amplified.

" For'reporter assays, BAEC were transiently transfected with 10 pg of
thé PGL-3 plasmid containing 1.8 kb of the human Cox-2 promoter
,drwmg a Iucn"erase reporter fasion protein (22), kindly provided by Dr.

2Termmology to replace “non- -genomic” effects of steroids, as sug-
: gested by the Consensus Working Group at the FASEB conference on
S 'Membrane Steroxd Receptors Aspen, CO, June 22-27, 2002.
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15min 30min 1 hr um

123456 78910111213
Fic. 1. Time course of PISK activation in endothelial cells by
estradiol (E;). Cells were incubated with 10 nM E, with or without 10
uM LY294002 for the times indicated, and Akt phosphorylation as a
function of PI3K activity was determined by Western blot. Immunoblot
of total Akt protein is shown below each condition. A representative
study of two completed is shown.

N

E2+4L Y284002 {Frac. total mRNA)

]

.o + Al genes
. * Global cantidence > 07.5% (290 garves)

108608 1E44 120682 10860

£2 alone {frac. total mRNA)

100608 109502

Fic. 2. Estrogen-induced genes in endothelial cells, dependent
upon phosphatidylinositol 3-kinase signaling. EC were incubated/
not incubated with 10 nM E, with or without LY294002 (PI3K inhibi-
tor), or LY294002 alone, for 40 min. Total RNA from the four conditions
was then extracted for purposes of microarray analysis after
¢DNA/cRNA synthesis (see “Materials and Methods”). The figure is the
output from CyberT analysis, a stringent, Bayesian-based statistical
analysis program. Duplicate determinations for all conditions were
utilized for the analysis. Genes in red are the upper 2.5% of all genes
positively regulated by E, and mostly inhibited by LY294002.

David Dixon (Vanderbilt). The liposome-mediated transfection was car-
ried out as previously described (6, 9), and the cells were recovered in
serum overnight, then synchronized without serum over 24 h before

‘experiments (in phenol red-free medium). Cells were then incubated for

6 h with10 nM E, with or without either LY294002 (10 umM), a soluble
inhibitor ‘of NFxB (SN50M), or the corresponding inactive control
(SN50), each at 20 uM. All inhibitors were from Calbiochem (San Diego,
CA). Assays were quantified by luminometer, and the results were
adjusted for expression of co-transfected Rernilla luciferase. Triplicate
determinations per condition were carried out in each of two experi-
ments. The combined data were analyzed by analysis of variance plus
Schefe’s test, at a p < 0.05 level of significance..

Cox-2 Protein and PGI, Secretion—For protein: synthesis, BAECs
were exposed to 0.1~10 nM E, for 60 min; preceded where indicated for
30 min by incubation with ICI 182,780 (1 am), LY294002 (10 uM), or
wortmannin (PI3K inhibitor) (100 nM). Additional:BAECS were either
transiently transfected with dominant negative myc»tagged pMT2-AH-
Akt (kindly provided by Dr. Julian® Downward) (23); or dominant neg-
ative PI-3K p85 subunit (pcDNA3-delta p85, Iackmg residués 478-513)
(kindly provided by Dr. Barry Posner) (24), as previously described (25),
or with pcDNA3 as control. The cells were recovered and synchromzed
over 24 b then incubated with Ej: "

For PGIL, (measured a§" B-keto-PGFla) and PGE secretxon studies,
BAEC were incubated for 0~240 min with E;, to'determine time of peak
secretion. This was found to be 30 mm 88 subsequent tlme pomts

m_-duphcate,

SC-560 (20 nM) (Cox—l mhsztor) Each condltlon as r
by lyophiliza-

The incubation medxa were. collected and concent'ra
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zgmﬁcantly - regu!ated by estradiol in a PI3K-dependent fashion
‘2'fold in endothehal ‘cell$ after 40-min exposure to E, but were not significantly induced after exposure to E,
Dlﬁ'e ntxally expressed genes were identified by both Affymetnx analysis software and the Cyber T (Baye51an) ‘statistical

Actession # Fold Increase

X63741

“+.  early growth respense-3 protein 70.49
. ~elriygrv'tl: retponanm(dn .- EGR-2 ©" - JO4076 66.84
. Zinic ﬁngupmv:m!G R ' GOS24 1 M92843 2025
' Areb Trainseription factor AREBS - DI15050 1847

eacly growth response 1 protein . EGR1. = 581439 10.10
" DEC-I trmnscription factor . - BHLHB2Z  AB004066 8.64
| dnc ﬁngcr protein 137, ZFP137 uoo4t4 7.02
. Max dimerization pmtcm ‘ MAD 106895 7.0
" myogenic factor 5 1 Myf-5 X14894 635
- jun B proto-oncogenc . - . : JunB X51345 624
activatng mmscnpuon fnaors L ATF3 L19871 6.01
CREM-b:t: CREM 568134 $.73
c-fos oneogene c-fos V0isi2 5.05
zinc finger progein. - FDZF2 U95044 4.67
msgrelifed gene 1, g U6S093 455
imroediate eariy’ nm(em ETRIY M62831 434
Forkhead box Cl i FKHL7? ARO78096 4.18
B Cell Iymphomn pm(un 6 bel-6 Uooits 4.16
c-jun oficogene - ¢ c-JUN 04111 3.99
cmyc mmgcne c-myc V00568 3.86
DNA da'umgc mduc: le tr.m:cnp! 3 DDIT3 562138 3.76
immodiate-carly gene X1: . - EX-1 S81914 293
special AT-rich sequence bmdmg protein | SATB} M97287 2.91
butyrate response factor 2 (EGF-msponsc factor 2) ERF-2 X78992 277
Inhibitor of gmwth ltke-l INGIL ABOI2853 2.68
KRAB z zmc_ finger: ", ZNF75 §67970 2,66
of G proteir signating 2 ° RGS2 113463 2.44
Hmtycnhamcr of spli¢! . HES] L19314 2.40
basic helix-loop-helix unnscnpllon factor 15 TCFIS 08336 235
basic hehx-loop-hellx uamcnpuon factor 2 TCR2 U19345 2.30
Sprouty | g spry-1 AF041037 230
‘posltivc elongnuon tmmcnptlon fatorb P-FEBb AFU48732  2.29
9 MSTP9 U28055 223
IhppaB alphn A IKBA M69043 2.23
. Zinc ﬁn@m_pm-.ein 17 INF17 ARO4I259 222
Mitti drug ﬂk}am:c R MDR! X58723 218
hox 5.1 protein - HSX5.1 X17360 2.1
alpha-Pal” G v NRFI uL2683 2,10
Sp4 transciiption factor SPR-| X68561 201
myocyle-specific enhancer factor 2A MEF2A 149020 200
: MFH-{ Y08223 200

Mesenchyme Fork Head-1

Description Accession # Fold Increase

Signaling

Cot/Tpl-2 kinase MAP3K D14497 1364
GTP-ase . gem U10550 1134
protein-tyrosine phosphatase CL 100 X68277 (1K
corticotrophin releasing factor receptor CRHR1 X72304 197
putative topoisomerase-III TOPO3 D87012 646
insulin recepior substrate- | 1RS-1 862539 6.22
STAT-induced STAT inhibitor-2 STATI2 AFD37989 5.55
protein tyrosine phosphatase PTP-U2 Z48541 494
Sprouty 2 SPRY2 AFRD39843 458
Omphan G protein-coupled receptor RDCi U67784 4.55
SRC-like tyrosine kinase FRK 100803 446
glycerol kinase GKTB X78711 4.10
Toll like receptor 2 TILA AFO51152  3.83
serine/threcaine protein kinase sgk Y10032 n
G protein-coupled reocptor CNRI U73304 3.59
wat-Sa ‘Wat-52 120861 3.5t
PBK regulatory | GR8{ M61906 3.0t
GS3955 G83955 D87119 297
Wat-Ta WNT7a D83175 2.87
chapsyn-110 DLG2 u32376 2.83
aeurotrophic tyrosine kinase receptor 3 ukC §76475 2.81
serum-inducible kinase SNK AF059617 2.68
P2Y6 recepror P2Y6R AFRX07893 2,67
intra-acrososmal pmtcm SP-10 8565583 2.63
SA (rat hyp iated) homolog SA X80062 261
type Il interleukin-1 receptor -1R2 X59770 2.58
Dual Specificity protein phosphatase 6 -DUSPS  ABOI3382 254
guanine nucleotide exchange factor S0st L13857 252
Nuclear Factor of Activated T cells x4 NFATx4 UB5430 2.38
plasma membrane calcium ATPase PMCA2 X63575 218
SNF1-like protein Kinase SNFLPK U57452 2.36
MAP kinase phosphatase MKP-2 V48807 2.33
inositol polyphosphate 4-phosphatase type ll-alpha 1PPAP2A 96922 231
multipke PDZ dosmain protein MUPP!| AF093419 231
Chloride channe! protein CLCN3 X78520 2.19
putative g protcin-coupled receptor ‘TMT7SFL AF027826 218
G protein-linked receptor GPCR 142324 216
kappa opioid receptor OPRKI L37362 212
thrombomodulin precursor THBD 302973 2.02
receptor phosphatase PCP-2 PCP-2 X97198 2.0

lmked lmmunosorbent assay (Cayman Chemical). The study was re-
peated thiree times;, with the results reflected in the bar graph.

EC Mtgratwn Studies—-EC were grown to monolayer confluence on

" six-well plates and synchromzed for 24 h in the absence of serum. A

"\wound" was created by scraping the monolayer with a single-edge

razor blade;’ and‘cells ‘were removed to the left of the wound. Serum-free

- Dulbeceo’s. modlﬁed Eagle’s medium containing 10 nM E, with or with-

out NS-398 SC-SG LY294002, wortmannin, or alone as control was

e : ghes of . wounded EC for 24 h at 37 °C. The cells
. were theit fixed i n3.7% formaldehyde and assessed for migration (14).

| BAEC mgratlon was. measured using an image analyzer system com-

.+ posed'of an iliverted microscope and a 20- to 24-inch digitizing board

B (Jandel Sc:entlﬁc Corte Madera CA) attached to a computer. The

- -Sigria’ Scan’ rogram (Jandel) was used for analysis of measurements of

* the distarice traveled by the ceils ‘within the calibrated area adjacent to

.+ the ‘wound.-Five' ‘meastrements. in’ each well were taken, and results
"." from; three separate expenments contnbuted to create the bar graph.

.SULTS AN‘D DISCUSSION

Estrogen Stzmu ates. PI3K Acthty in EC—E, induced sub-
: an_hal Akt phosphorylahon by 5 min, reﬂectmg PI3K activa-
: _- on, because: the: ‘phosphiorylation was totally prevented by a
._IsK inhibito {Fig.. 1), The: ‘peak activity occurred at 15 min
ind lasted for the 6- h: duratxon of the experiment. We therefore
ied'out our array studies to assess genes rapidly induced by
5 via PI3K ,ignalmg, based upon these results.
‘E ‘Raptdly nduces Many' Genes via PI3K Activation—EC
- b with 10 ny E; or without steroid (control) for 40
resence or absence of LY294002, a PI3K inhibitor.

cRNA from each experimental condition was used for microar-
ray gene analysis, as delineated under “Materials and Meth-

‘ods.” The DNA array hybridization pattern was analyzed by

both Affymetrix statistical software and the CyberT Bayesian-
based program, and 250 genes were identified as being signif-
icantly up-regulated by E, (upper 2.5% of all genes) (Fig. 2).
This occurred in both E,-inducible and PI3K-reversible fash-
ion. In comparing control ¢cRNA (no treatment) to cRNA from
cells treated with LY294002. alone; no. differences were de-
tected. We list the genes that' were. 1) up-regulated in this
fashion by more than 2-fold-and 2) identified. to have some
known function (Table I).'In. contrast few! genes ‘were down-
regulated by E, in the qmescenbE S and none' depended upon
PI3K/Akt activation, Whereas severa] genes were stunulated by
E, and further’ enhanced ’
cussed m the text are gw

in the proxlmal fos ptomote 6-
many transcnphon factors



“ Accesshon ' Fold Tncrease

o Cell fate .
e - U04636 CAGRI CAGRL . U38810 264
LIHZFLTXT8928 331 Bcl-2 like 11 BCL2LI!  AF032457. 252
L i psT L it p4fes0 370 Chromosome associated protein B hCAP-E  AF092563 250
o pxecuulupimmm(BCI 16.3.4), SOTERT T MUsesy 369 pleckstrin homology-tike domain Al PHLDA!  Z50194- 239
. sulfomnsfeusc famlly lC mcmber . SULTICI - 'AB008I64 320 Cullin genc family member Hs-cul4A  USB090 231
+ + Osteoblist specific cysteine rich pmtem . OSCP: .. ABOO8ITS 233 regulatory pastner for cdk$ kinase CDK5P35  X80343 227
. ADP-ribosyltransferase 3 * L. ART3 U47054 229 N-myc downstream regulated NDR! D879s3 2.1
"+ glycerol- 3—pbosphztedehydmgerme2 S GIPD2 0 U360 228 _Cell Structure/adhesion
" Retinol debydrogenase -~ ;. . - RODH Usosl 223 Chondroitin suffate Versican CSPG2  XIS998 526
Phospl»dxmm 4B SRS ‘-: PDE4B 120971 221 M-phase phosphoprotein 11 MPPI]  X98260 344
hetase * © GGCS 135546 220 crystallin CRYAl  X14789 335
Hep27 U3gys 219 alpha-catenin CTNNA2  M94151 323
prepr SANES . proCPA2"  U19977 218 vitronectin alpha subunit precursor VNRA MIU4648 278
Placentaf Protein$ - v b o - - PP5 029992 2.3 Down syndrome cell adhesion molecule CHD242  AF023450 267
Cytokines avd Chemokines . Bicaudal | BICDI U900 227
GROZ oncogenc - . ) MIP2A M36820 3894 cubilin CUBN AFU34611 221
interferon-beta-2 .. . . IFN-B2 X04430  11.98 nmmune response
insuliri-like growth factor I * IGF2 Jjo3242 920 immunoglobulin heavy chain V(H)S HC-V(H)S X58401  7.10
TGFD inducible early protein’ - TEIG ARO50110  8.67 Human V beta Teell receptor TCRVB6S! UO03LLS 694
bone morpho&:ndm protein ZA : BMP2A M22489 763 Semaphorin E SEME AB000220 694
Thrombopoietin® S TPO L33410 497 CD128 ligand B72 U04343 3.36
CYR61 proteiu ' CYR6I Yiser o 491 NK-associated transcript 3 NKAT3  X93595  3.59
pituitary tmor tramfomng zer-e protein 2 PTTGZ AR095288  4.81 VI region immunoglobulin IGL AF043586 347
inhibin beta- B«wbumx precursor INHBB M31682 381 CD69 antigen CD69 222576 3.0
interferon ;. " PN Voos4z 361 phospbolipase A2 activating protein PLAP AJ238243 294
growth differentiation factor 5 CDMP! X80915 353 HLA-DRB1 HLA-DRB! M32578 281
heparin-binding epidermal gi-like growth factor HEGFL M60278 292 Src-like adapter protein SLAP D89077 2.76
angiotensin I type 2 -eoepmr AT2 U20860 231 pre-T/NK cell associated protein (3C)) 3l LiT328 271
erythropoietin © - - . . EPO X02158 222 PMA induced gene | APR D90070 2.59
kptin . 0 v : OB DE3710 221 CD30 ligind CD30L L0953 259
tachykinin 2 precursor, 1sofcrm beta TAC2 U37529 2.18 i d protein CDR} Mi6965 2.5t
feron-related develop ! regulator 2 IFNRP uo9ses 216 complement factor Horelated protein 4 FHRA4 X98337 217
connective tissue activating peptide i1 PPBP M54995 2.16 MAGE-B2 MAGE-B2 U93163 208
keratinocyte zromh factor : FGF7 M6p828 215 Protein Tyrosinc phosphatase, Non recpt? PTPN2 M25393  2.07
RANTES . RANTES  M2112! 21 C-reactive protein PTX! X56692 203
Ephrin B2 o EFNB2  U8I262 207 sialophorin CD43 CD43 X52075 201
prostaglandin E2 receptor PGER2 U19ds7 204 Nearo
endothelia) differentiation profein (cdg-1) EDG! M31210 2.03 :—'L infp din N NTS U9I618 390
Orphan Receptors synaptebrevin 1 (SYB1) - SYBI M36200 2.3
TR3 orphan receptor NPI LI3740  91.28 Uncategorized
d miclear orphan receptor MINOR  UI2767 2560 monocyte secretory protein IE M28225  B.19
neuron denved otphnn lecr:ptur NOR-! D7857%9 407 tcar protein/PRPb homolag BPLP 583498 5.26
fethal (3) malignant brain wwimor protcin 13ymbt UB9358 367

lated by E.,; these genes are therefore implicated in further E,
transcriptional action: In some situations, linked gene pro-
grams could be tentatively identified, based upon the existing
literature. As'an example, bone morphogenetic protein 2 (Table
I, cytokmes) stimuldtes osteoblast precursor-cell differentia-
tion in part - via up-regulatmg the AREBS transcription factor

. (29). Estrogen induces osteoblast differentiation (30), and we
“found that E, s stimulates both genes here, via a PI3K-induced

'mecha\ . Another transcriptional target for AREB6 is the

) fNa /K ATPase gene (31) Eo is known to stimulate the activ-

51gnahhg As shown here, the HZF2 transcription
duced by E ln PIBK-dependent fashxon (Table .

‘PI{}K dependent fashwn (20). NO induction by E, pre-
vents the deleterious blood vessel response to ischemia-reper-

O - fusmn in ‘uryzl(20) Together these results potentially identify a

5 . EGR fanul' of*transcnpmn factors were identified as induced

Esinour array. Egr-1is up-regulated (and important) in the

: -.f’response to acute and- chronic vascular injury, where it may

e a 'rotectt function (34, 35). E, mitigates the acute

S injury response to»carotld angioplasty (36), perhaps in part

gl nducmg Egr-l m the EC, as shown here.
“molecules were also rapidly induced by E,, includ-
ing both'-kmases and phosphatases Steroid and glucocorticoid-

inducible kinase activity is known to be a target for PI3K/Akt
signaling (37) and has roles in both steroid-induced memory
(38) and sodium transport (39), which are both functions of E,

(40, 41). We also found that, via PI3K, E, up-regulates Cot/

(Tpl-2), a transformation-associated factor and serine/threo-
nine kinase. Akt phosphorylation of Cot induces NFxB-depend-
ent transduction (42), important for wvarious functions,
including cell survival. E, potently inhibits hypoxia-induced
EC apoptosis (14).

Genes coding for structural proteins, cytokines, or enzymes
were identified as being stimulated by E,. Two members of the
NGFI-B subfamily of nuclear’ orphan receptors, TR3 and
MINOR, were rapidly and strongly induced by E; via PI3K. A
cytokine gene, CYR61, was previously. demonstrated to be up-
regulated by E2 in breast cancer but through ‘an’ anknown

array (Table I) Thlsp teir
up-regulate the Cox-2° gen
(PGE,) productlon (46) ‘Bas




::thattheNFx
»»Prekus ‘studiesindicate’ that. PISK/Akt can regulate Cox-2

Fic. 3. Véﬁ;lﬁtién ‘of the mxcroarray data by RT-PCR. EC were

incubated with 10 nM E, (lane 2), with 10 nm E, and LY294002 (PI3K -

inhibitor) (lane 3), with L'Y294002 alone ({ane 4), or no treatment (lane
1) for 40 min. Total RNA from the four conditions was then extracted
and reverse-transcribed to ¢cDNA, PCR was performed using gene-
specific primers (see “Materials and Methods”) for Cox-2, JurnB, CREM,
and EGR-2, Wlth glyceraldehyde~ -phosphate dehydrogenase as a
control .

linkage' of Ez-inducéd’, PI3K-dependent up-regulation of PLAP,
contributing to Ey-induced Cox-2 up-regulation and PG secre-
tion/production” (see ‘below). Thus, many relevant genes are
rapidly induced by-this sex steroid in response to one signal
pathway typically initiated at the plasma membrane.

Confirmation' by RT-PCR of E,-induced Gene Up-regula-
tion—To confirm the array studies, we carried out semi-quan-
titative RT-PCR for several of the genes identified (Fig. 3). For
the four genes examined (Cox-2, JunB, CREM, and EGR2),
there was increased expression in EC after 40-min exposure to
10 o E, (larie 2), compared with the control (no E,) (lane 1).
Furthermore, this increase was significantly abrogated by ad-
dition of the PI3K inhibitor, LY294002 (Jane 3), whereas the
inhibitor alone had no effect compared with control levels (lane
4). The results prov1de vahdat;lon of the array data for these
specific genes. . .

Cox-2 Gene and E; / ER Interactzons Result from Rapid Sig-
naling by the Sterozd—One of the genes strongly up-regulated
by E,; in'our EC gene array codes for the Cox-2 enzyme (Table
I). Cox-2 activity ‘gives rise to pGl, and PGE, production,
important for various aspects of vascular function (47, 48). To
explore the mteractlons between E, signaling through PI3K to
Cox-2in: greater depth, we first confirmed the array results by
RT-PCR (Flg 3)..We then further investigated transcriptional
regulatxon by E,."We therefore expressed in BAEC a plasmid

ontammg a.1.8-kb human Cox-2 promoter driving a luciferase
‘reporter. This was significantly responsive to 10 nm E,, in a
'PI3K-dependent fashion (Fig. 4).
v One kno_wn target for PI3K/Akt signaling is the activation of

D :inhibitor: (but not its- mactlve control) completely re-
e versed the Ez‘stlmlﬂaupn of the Cox-2 promoter (F‘lg 4). These

_romoter at’ -580 and 358 Supportmg this mechanism, we
und that. E2 mgmﬁcantly activated both 0.8 and 0.4 kb Cox-2

omoters dnvmg_ uciferase reporter constructs, suggesting
ding site at —358 in particular is important.’

-mRNA‘ roductnon or stability in positive or negative fashion,
-deperide; upon the stimulus and cellular context ( 51, 52).
Cox-2: Pro errn Syntheszs and Prostaglandin Secretion Are
- Stir uglat 7. B;—Cox-2 protein synthesis was then deter-
mined: by Wesfernv ”lot A&er 1-h exposure of EC to E,, the

Razandl M :Aitkenhead, C. C. W. Hughes, and E. R.
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FIG. 4. E, stimulates the activity of a Cox-2 promoter/lucifer-
ase reporter via PI3K in endothelial cells. EC were transfected
with a plasmid to express a 1.8-kb Cox-2 promoter plasmid driving the
luciferase reporter. The cells were recovered and synchronized and then
incubated for 6 h with 10 nM E, with or without 10 um LY294002, or
with 20 uM of either an NF«B active inhibitor(SN50M) or an inactive
analog (SN50). The bar graph reflects the mean + S.E. from triplicate
determinations in each of two experiments, combined for analysis. *,
» < 0.05 for control versus E,; +, p < 0.05 for E, versus E, +1LY294002
by analysis of variance plus Scheffe’s test.

Cox-2 protein was nearly 3-fold increased in relevant E, con-
centration-responsive fashion (Fig. 54). The PI3K inhibitors,
LY 294002 and wortmannin, each caused an 80% reduction in
Cox-2 protein synthesis, as did ICI 182,780, an ER antagonist.
Expression of dominant negative constructs for the p85 subunit
of PI3K (DN-PI3K) or Akt (DN-Akt) also resulted in substantial
inhibition of E,-induced Cox-2 protein expression. The domi-
nant negative constructs had no effects alone (data not shown).

In preliminary studies, we determined a time course for
PGE, and PGI, secretion in response to E,. Compared with
basal secretion (0 time), E, stimulated an initial 2-fold PGE,
release at 10 min (first point assessed), reaching a maximum
increase at 30 min and plateauing thereafter (data not shown).
Based upon these results, BAEC were then incubated with 10
nM E, with or without inhibitors of ER, PI3K, and Cox-1 or
Cox-2 for 30 min. As seen in Fig. 5B, E, stimulated a 13-fold
increase of PGE, secretion, 75% prevented by ICI 182,780.
Co-incubation of the cells with NS- 398 (a specific Cox-2 inhib-
itor) reversed the E, effect by 86% A spemﬁc Cozx-1 inhibitor
(SC-560) also provided a33% inhibition of the E, effect, sug-
gesting that PGE, synthes:s was mamly dependent upon the
Cox-2 enzyme. It is recogmzed th 'PGE nd .PG12 can both

fb
Importantly, the PIBK mhlbx OYS
each prevented: Ez-mduced
consistent w1th the abxhty of
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. COX-2 —am

|
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|
T A, B; s_xtini_tﬂhf.es thie pradirction -‘?f Cox-2 protein in EC via PI3K and Akt signaling. EC were indu!;)étejd:@vifﬁ géirefal<é9ngénﬁations of B,
- for6 n;.and Cox-2 protein was determined by Westarn blot of immunoprecipitated cell lysate. In some conditions, LY294002 or ICI182780 was

E2 10nM

: €2 1InM

- E20.10M

i E210nM + LY
+1iC1
+ Wortmannin
+ DN.AKL
+bNPIBK

H
€
o
o

Band intensity (pixels)

o4 T

20 -]

101

6-Keto prostsgiandin Fia (pg/ml)

SC-560 20nM
LY284002 10 uM

“#LY294002 10 uM
Wortmannin 100 nM

' -_+Worlfmnn!n 100 nM

+ NS-388 5uM
-+ 8C-560 20nM

+ Lyzst002 10 b
Wortmannin 100 nM

- LY284002 10 UM
Wortmannin 100 nM

" 4dded 30 min prior to 10'nM E,, or the cells were first transfected to express pMT2-AH-Akt (DN.Ak#) or pcDNA3-delta p85 (DN.PI3-K). Control
-+ andEy with or without LY conditions were carried out in cells transfected with pcDNAS. A representative study:is.shown, ‘and: the bar graph
- 'reflects thiree experiments combinied. *, o <0.05'for control versus E,; +, p < 0.05 for 10 nM E, versus E, plus iphibitor, B secretion of PGE, (lef?)
and’] I:;,:(G}kef,_b:prdgtaglandi_x‘_i Flalpha) (right) in response to E,. EC were incubated with 10 nmM E; with or Yv'ifhpiitPI{?K'inhibitbrs,;fbn with

' -398/(Cox-2 inhibitor) or SC-560(Cox-1 inhibitor) for 30 min (soluble inhibitors were added 30°m dor to: igil Tepr

bined experiments.

tly. extend the observations of thers that E; can rapidly and PGI, secreﬁOn,;ig PI3K:dependen

ate the secretion of PGI, from endothelial cells (54, 55). tion that is relevant for EC is tha

e-sho nseriptional up-regulation of the Cox-2 gene,  enhances angiogenesis through th
tor(56)

ased protein production; and stimulation of both PGE,  thelial growth factor
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Fic. 6. E, stimulates EC migration
in PISK and Cox-2 related fashion.
Cultured EC were cut with a surgical
blade, and all cells were removed on the
left side of the wound with a scraper. The
remaining cells were then cultured over-
night with/without 10 nM E,, with or with-
out PI3K and Cox-2 inhibitors. Panel A is
control cells (no E, or serum); panel B is
E,. Panel Cis E, + NS-398, panel Dis E,
+ SC-560, panel E is E, + LY294002, and
panel F is E, + wortmannin (50 nM). The
inhibitors alone had no:effects (data not
shown), The bar graph below the compos-
ite reflects three experiments combined.
* p < 0.05 for control versus E,; +,p <
0.05 for E, versus E, plus inhibitor.

Migration area (nn?)

E, 51gnahng from the membrane (2, 6, and here). This may be

! significant to E,-modulated induction and developmental func-
. tion'of vascular endothelial g'rowth factor, in the formation and
. permeablhty of the blood vessels of the ovary and uterus

k (56 57). :
“EC: Mzgratwn—We then exaxmned possxble roles for Cox-2-

' denved prost;aglandms and'E; in med:atnng EC migration. E,

‘Known' to indce ‘several’ aspects of angiogenesis, mcludmg

RS T migration (14), and Cox-2 ‘also importantly participates in

":these’processes '(28). Cultured EC were: ‘wounded,” and the

mxgrahon of EC’ across thls wound bamer was determmed

o veditced 75% by a Cox~2 inhibitor’ (panel C) buit not 31gn1ﬁ
o cantly’ by a Cox-1 inhibitor (panel D). The effect of E, was also

'revem;ed by LY294002 (panel E) and by wortmamnn (PI3K

on-genomic and Genomic Actions of Estrogen

+ NS-3986 u

+ 5C-560 20 n

+ LY2534002 10 ul

+ Wortmannin 100 n

Increasingly, the integration of membrane and nuclear ac-

tions of steroids is recognized. An important mechanism' dem- i : T
onstrated here is that steroids rapidly induce thmugh kmase‘_ i

signaling many genes coding for u'anscrxpmon factors We de-
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membrane ER acts similarly to many other GPCR that also
lack catalytic or kinase domains yet signal to important events
in cell biology.

As a GPCR, the membrane ER associates with and activates
several G proteins. In transfected CHO cells, membrane ERa
or ERB co-precipitates with and activates Ga and Ga, proteins
(6). This leads to the expected downstream signaling to cAMP
and inositol 1,4,5-trisphosphate generation, signaling that has
been shown in cells expressing endogenous ER (22, 23). In EC,
endogenous membrane ER physically associates with Ge; and
activate endothelial nitric-oxide synthase; this probably takes
place within caveolae (7). Additionally, it has been proposed in
breast cancer cells that E2/ER transactivates the epidermal
growth factor receptor (EGFR), leading to the downstream
signaling to ERK activation (24, 25). This occurs through the
activation of GBv, the liberation of heparin-binding EGF (HB-
EGF), which results in the binding and activation of the EGFR,
and the subsequent stimulation of the ERK signaling cascade.
In some of these respects, the membrane ER acts similarly to a
wide range of GPCR (26). However, it was further proposed in
breast cancer cells that E2 in some undefined way activates the
orphan GPCR, GPR30, to stimulate signaling, and this inter-
action does not require ER (25). These latter data are not in
concert with many studies from other laboratories, indicating
that E2 requires an ER for signaling from the membrane in
various cell types (5, 6, 8, 20, 27, 28).

The utilization of EGFR by E2/ER to signal results from a

linked series of events involving multiple upstream molecules, -

only some of which have been defined. For instance, we do not
know the range of G proteins that can be activated to cross-talk
to EGFR activation, and it is not clear what signals immedi-
ately downstream of G proteins are important. Src participates
in the transactivation of EGFR in response to other GPCR
ligands and is probably upstream of HB-EGF shedding (29),
but its exact role and requirement for ER signaling is unclear.
Furthermore, although matrix metalloproteinase (MMP) acti-
vation is required for HB-EGF liberation (and subsequent
EGFR activation), the identity of the required MMP(s) is
mainly undefined, especially as regards ER signaling. These
issues are addressed in the studies described here. Finally,
much of the interaction between GPCRs and EGFR has exam-
ined ERK activation. Thus, we sought additional signaling
molecules in several cell types and the structural requirements
within ER that utilize this interactive mechanism following
endogenous ER ligation by E2.

EXPERIMENTAL PROCEDURES

Materials—Antibodies and substrate for kinase activation/activity
were from Santa Cruz Biotechnology (Santa Cruz, CA). PD 98059 was
a generous gift from Dr. Alan Saltiel (Parke-Davis). LipofectAMINE
was from Invitrogen. Primary cultures of bovine aortic EC were pre-
pared and used as previously described (30). In transfection studies, EC
were generally used in passages 4 and 5, based upon the previous
observation that this greatly increases the transfection efficiency of
these cells. Breast cancer cell lines were obtained from ATCC. The cells
were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F-12 or
RPMI 1640 with serum until 48 h prior to experimentation, when they
were placed in serum-free conditions and in medium without phenol
red. Gelatin was from Sigma, and kinase substrates were from Upstate
Biotechnology, Inc. (Lake Placid, NY) or Santa Cruz Biotechnology.
PP2, Src family kinase inhibitor, and GM6001, a matrix metallopro-
teinase (MMP) inhibitor, were from Calbiochem (San Diego, CA).

Kinase Activity Assays—For ERK or p38g activity assays, the cells
were synchronized for 24 h in serum- and growth factor-free medium.
The cells were then exposed to E2 for 8 (ERK) or 15 (p38) minutes, with
or without additional substances, as previously described (30, 33). The
cells were lysed, and lysate was immunoprecipitated with protein A-
Sepharose conjugated to antiserum for p38 or ERK. Immunoprecipi-
tated kinases were washed and then added to the proteins ATF-2 (for
p38) or myelin basic protein (for ERK) for in vitro kinase assays. This

was followed by SDS-PAGE separation and autoradiography/laser den-
sitometry. In addition, the E2-induced phosphorylation of AKT kinases
at 10 min was determined to assess activation. Cultured cell lysates
were pelleted and dissolved in SDS sample buffer, boiled, separated,
and then transferred to nitrocellulose. Phosphorylated kinase proteins
were detected using phospho-specific monoclonal antibodies (Santa
Cruz) and the ECL Western blot kit (Amersham Biosciences). Equal
samples from the cells were also immunoprecipitated, and immunoblots
of the precipitated kinase protein from each experimental condition
were determined to show equal gel loading. All of the experiments were
repeated two or three times.

Transient Transfections—MCF-7, HCC-1569, ZR-75-1, or bovine
aortic endothelial cells (passages 4 and 5) were grown to 40-50%
confluence and then transiently transfected with 1.5 ug (each well of
6-well plates) or 10 ug of fusion plasmid DNA (100-mm dishes). Plas-
mids included wild type mouse ER« (31) (kindly provided by Dr. Ken
Korach) PRK5-HER, a dominant negative EGF receptor construct
(kindly provided by Dr. A. Ullrich (32), a dominant negative Src con-
struct, pRC-csre-K298M (kindly provided by Drs. Louis Luttrell and
Robert Lefkowitz (26), a dominant negative, truncated B-adrenergic
receptor kinase plasmid (BARK1-CT pRKS5) from Dr. Walter Koch (34),
and truncated Ga subunit plasmids, serving as specific dominant neg-
ative constructs for G,, G,, G, Gy and Gy, (85). Transfection was
carried out using Lipofect AMINE (Invitrogen). The cells were incubated
with liposome-DNA complexes at 37 °C for 5 h, followed by overnight
recovery in culture medium containing 10% fetal bovine serum, 24 h of
synchronization in serum-free medium, and then treatment with E2
with or without other substances.

Gelatin Zymography Substrate Cleavage and Antisense Studies for
MMP Activity—MMP activity, as secreted into the medium of cultured
MCF-7 cells, was analyzed by substrate gel electrophoresis (zymogra-
phy). The cells were synchronized in serum-free medium for 24 h and
then incubated in medium with or without 10 nM estrogen for 2 min at
37 °C in a CO, incubator. The cell medium was removed, concentrated
20-fold by ultrafiltration, and mixed with native gel sample buffer
(Bio-Rad), and the proteins were separated by electrophoresis on an 8%
gel co-polymerized with 1 mg/ml gelatin (Sigma). Active MMP-2 and
MMP-9 (Calbiochem) was loaded into additional lanes on the gel. After
electrophoresis, the gels were washed in 2.5% Triton X-100 at room
temperature for 1 h and incubated for16 h at 37 °C (in 0.05 M Tris, pH
7.5, 5 mum CaCl,, 0.02% NaN,). The gel was stained with 0.5% Coomas-
sie Blue and destained in 10% acetic acid, 10% propanol. The study was
repeated twice. Gelatinolytic activity appears as a clear band on a blue
background. For the fluorescent substrate assay, MCF-7 cells were
synchronized for 24 h and then incubated without or with 10 nm estro-
gen for 2 min. The incubation medium was concentrated 10-fold, and 1
ml of assay buffer (100 mum Tris, pH 7.5, 100 nM NaCl,) containing 5 uM
of the Mca-Pro-Leu-Dpa-Ala-Arg-NH, substrate for MMP-2/MMP-9
was added and then incubated at 37 °C for 3 h. Excitation at 328 nm
and emission at 393 nm were determined in a fluorimeter. To implicate
MMP-2 and MMP-9 in the shedding of HB-EGF, the cells were incu-
bated with antisense (ASO) or scrambled antisense (MSO) with the
same base composition for each of the two MMPs. The oligonucleotides
were: MMP-2, ASO, CCGGGCCATTAGCGCCTCCAT, and MSO,
TCACCGCGGTACGCATGCCCT; and MMP-9, ASO, CAGGGGCTGC-
CAGAGGCTCAT, and MSO, GCGAGCTAGGACTGTGCAGCC. The ol-
igonucleotides were added with LipofectAMINE for 5 h, and the cells
were recovered overnight and synchronized in the absence of serum for
12 h. Transfection efficiency exceeded 60%, based upon co-expression of
PEGFPc2. Western blot studies were carried out to confirm the efficacy
of the ASO but not the MSO to inhibit specific protein production.
Studies of E2-induced signaling were then carried out in cells express-
ing the various oligonucleotides.

Western Blot for HB-EGF and EGFR Phosphorylation—~Subconflu-
ent, transfected, or nontransfected cultured bovine aortic endothelial
cells were serum-deprived for 24 h and then incubated under various
conditions for 10 min with inhibitors followed by 10 min of treatment
with stimulants. This included several 17-8-E2 concentrations, ICI
182780 (1 pM), and 100 nM GM6001, a broad MMP inhibitor. The cells
were lysed, and antibodies to HB-EGF or EGFR (tyrosine 1138) (1:50
dilution) were conjugated to Sepharose beads and then added to the cell
lysate for 2 h at 4 °C. After pelleting and washing, the samples were
electrophoretically separated on a 7% SDS gel, transferred to nitrocel-
lulose, and immunoblotted. Detection utilized the ECL kit (Amersham
Biosciences).
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Fic. 1. E2 activates ERK via ER and EGFR. A, 17-8-E2 activates ERK only when ER is present. HCC-1569 cells (ER negative) were incubated
with 10 nM 17-8-E2 or were transfected to express wild type mouse ERa (mERa) and then incubated with 17-8-E2 or 17-a-E2, and ERK activity
(against myelin basic protein) was determined after 8 min in an in vitro tube assay as described under “Experimental Procedures.” Immunoblots
of total ERK protein are shown below the activity. The bar graph represents three combined experiments. *, p < 0.05 for control versus E2 or EGF;
+, p < 0.05 for E2 versus E2 with ICI1182780 (ER antagonist). B, inhibition of EGFR tyrosine kinase function with tyrphostin AG1478 prevents
E2-induced ERK activation in MCF-7 cells (left panel), in ZR-75-1 cells (center panel), or in endothelial cells (right panel). The cells were incubated
as described above with 17-8-E2 with or without a specific EGFR tyrosine kinase inhibitor, and ERK activity was determined. Each bar graph
represents three combined experiments. *, p < 0.05 for control versus E2 or EGF; +, p < 0.05 for E2 versus E2 with IC1182780 (ER antagonist)
or E2 or EGF versus either E2 or EGF with AG1478 (tyrphostin). C, expression of a dominant negative EGFR (EGFR (DN)) prevents E2-induced
ERK activation in MCF-7 cells. The cells were transfected to transiently express PRK5-HER dominant negative EGFR, recovered overnight in 10%
serum, and 24 h after cell recovery, E2 activation of ERK was determined after 8 min of incubation. *, p < 0.05 for control versus E2; +, p < 0.05
for E2 versus PRK5-HER transfected cells incubated with E2.
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RESULTS

Activation of ERK by E2 Requires an ER and the Activation
of EGFR by HB-EGF—We first established that E2 required
both the presence of an ER and the activation of EGFR to signal
to ERK. HCC-1569 cells lack ER, and the cells did not respond
to E2 with ERK activation (Fig. 1A, lanes 1 and 2). When ERa
was expressed in these cells, 17-8-E2 (lane 4), but not 17-a-E2
(lane 8), was capable of activating ERK, and this was substan-
tially blocked by the ER antagonist, ICI182780 (lane 5). As a
positive control, these cells express the EGFR and appropri-
ately respond to EGF (lane 7). The requirement of ER is similar
to our previous findings in CHO-K1 cells (6). We then asked
whether E2 activation of ERK depends upon EGFR tyrosine
kinase activity. We examined this in MCF-7 and ZR-75-1
breast cancer cells and EC (all with ER). Tyrphostin AG1478,
specifically directed against the EGFR tyrosine kinase func-
tion, prevented EGFR-induced ERK activation in both MCF-7
and ZR-75-1 cells (Fig. 1B, left and center panels). Importantly,
tyrphostin AG1478 also substantially prevented the ability of
E2 to activate ERK in the three cell types (Fig. 1B, all panels,
lanes 2 versus lanes 6). To corroborate this finding, we ex-
pressed a dominant negative EGFR (31) in MCF-7 cells, and E2
was much less effective in stimulating this MAP kinase, com-
pared with cells expressing the empty vector (control) (Fig. 1C).

What ligand for EGFR is involved in the transactivation of
this receptor by E2? Although there are many members of the
EGF family that can bind the EGFR, HB-EGF has often been
implicated in the setting of GPCR signaling via this receptor
(86). To examine this, we first determined whether E2 could
stimulate the secretion of HB-EGF, determined by Western
blot. As seen in Fig. 24, E2 dose-responsively induced a signif-
icant enhancement of HB-EGF shedding/secretion from the
MCF-7 cells after 3 min of incubation. This was prevented by
1CI182780 and by GM6001, an MMP inhibitor. To determine
that HB-EGF was the important ligand for EGFR signaling to
ERK, we incubated the MCF-7 cells with 10 nM E2, in the
presence or absence of antibody to HB-EGF. In the setting of
this added antibody, E2 could not significantly activate ERK
(Fig. 2B). In contrast, antibody to TGFa-1, another ligand for
the EGFR, had no effect on E2-induced ERK, and the antibod-
ies by themselves did not affect basal ERK activity. Similarly,
antibody to HB-EGF (but not to TGFa-1) prevented E2-induced
phosphorylation of the EGFR (Fig. 2C). Identical findings were
determined from EC incubated with E2 (data not shown).
These results support the interactions of secreted HB-EGF
with EGFR, leading to ERK activation in breast cancer and
vascular cells. The data also support ER-mediated, MMP-de-
pendent release of HB-EGF.

Matrix Metalloproteinases 2 and 9 Are Activated and Are
Necessary for Signaling by E2—Current evidence supports the
idea that GPCRs activate MMP activity, thereby liberating
HB-EGF from the cell matrix, leading to the transactivation of
the EGFR (86, 87). Therefore, MMP activation represents the
step immediately upstream of HB-EGF liberation. In many cell
paradigms, including E2 action, the precise MMP(s) activated
by GPCR signaling are unknown. We therefore showed that E2
activates MMP activity by demonstrating that the incubation
medium from MCF-7 cells treated with E2 for 2 min induces
the cleavage of substrate specific for MMP-2 and MMP-9 (Fig.
3A). In contrast, substrate specific for MMP-13 or MMP-3 was
not cleaved by the E2-treated cell medium (data not shown),
even though breast cancer cells produce these proteolytic en-
zymes. We then sought to further identify the MMPs by carry-
ing out gelatin zymography. E2 treatment of the cultured
MCF-7 cells for 2 min led to the increased secretion and acti-
vation of MMP-2 and -9 (Fig. 3B, first and second lanes). To
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corroborate the identify of the digested gelatin band activities,
active MMPs (Calbiochem) were also run in parallel on a sep-
arate gel (data not shown). Functionally, activation of MMP
activity was necessary for E2-induced ERK. This was shown in
that the MMP inhibitor completely reversed the ability of E2 to
activate ERK in both MCF-7 and ZR-75-1 cells (Fig. 3C, left
and right panels). This compound did not affect EGF-induced
ERK activation, supporting the idea that MMP-related events
occur upstream to EGFR activation in this pathway.

Although E2 activates these two MMPs, it is not clear that
they are responsible for E2-induced HB-EGF shedding. We
therefore used ASO or MSO, with the latter comprised of the
same base composition as the ASO for MMP-2 and MMP-9, and
expressed them in MCF-7 cells. First, we validated the con-
structs by showing that the ASO (but not the MSO) for MMP-2
or MMP-9 inhibited the respective protein production in a
dose-related manner (Fig. 44, left panel). Similarly, we vali-
dated the function of the MMP-2 or MMP-9 to specifically
inhibit only the intended protein target (Fig. 4A, right panel).
Using these ASO and MSO, we next determined whether
MMP-2 and MMP-9 each contributed to HB-EGF shedding and
ERK activation (Fig. 4, B and C). Each ASO significantly down-
regulated E2-induced HB-EGF liberation, and expressing the
ASO to both MMPs completely blocked this E2 action. The ASO
to MMP-2 almost completely prevented the ability of E2 to
activate ERK in MCF-7 cells, whereas the ASO to MMP-9 was
also substantially able to prevent this signaling; neither MSO
had any effect, and the results were similar to those in EC.
E2/ER stimulation of MMP-2 and MMP-9 may therefore un-
derlie several important actions in breast cancer, including
signaling through ERK to cell proliferation and survival (5, 9).
Metalloproteinase activation also contributes to the disengage-
ment of cells from matrix, a necessary initial step preceding
invasion and migration behaviors (38). MMP-2 and MMP-9 are
well recognized to contribute to these events in various con-
texts (38, 39).

Specific G Proteins Are Involved in E2-induced Transactiva-
tion of EGFR—It has previously been established that E2 can
activate Ga, and Ga,, as well as Ga; in several cell models (6,
7). Therefore, one or more G proteins activated by E2 could
ultimately result in EGFR signaling to ERK. To examine this
issue, we expressed mini-genes for Ga subunits of G,, G;, Gy,
G,3, and G,, constructs that have been shown to act as domi-
nant negatives for specific endogenous G protein subunit acti-
vation (35). As seen in Fig. 5A, ERK activation in response to
E2 in cells expressing the control plasmid, Ga;. (lane 3), was
substantially prevented after expressing the inhibitory mini-
genes for Go; and Ge, (lanes 4 and 5). However, dominant
negative constructs for the o subunits of G, G;5, and Gy3 had
insignificant effects on this signaling. We also expressed a
C-terminal truncated B-adrenergic receptor kinase, pRK5-
BARK1-(495-689), that inhibits GBy signaling (33). Expres-
sion of this construct significantly but incompletely prevented
the ability of E2 to activate ERK and HB-EGF liberation (Fig.
5B). Upon expressing ERa in HCC-1569 cells, E2 could now
activate ERK in a Ga;, Ga,, and GBy-dependent fashion (Fig.
5C). Therefore, both Ga and Gy subunits contribute to the
ability of E2/ER to activate the signaling pathway that ulti-
mately results in EGFR transactivation.

Calcium, PLC, and PKC Activities Mediate E2-induced MMP
Activation—The signaling through the identified G proteins
potentially leads to the activation of MMP activity and the
subsequent downstream signaling through EGFR. We exam-
ined which signal pathways immediately downstream of G
protein activation that we identified here could mediate MMP
activation. E2-induced MMP activity was significantly inhib-
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ited by EDTA, an extracellular calcium chelator, but was not
affected by BAPTA-AM (Fig. 24). This indicates that calcium
entry through surface channels, but not the mobilization of
intracellular calcium, contributes to E2-induced MMP activa-
tion. It has previously been shown that E2 activates several
calcium channels that lead to an influx of calcium into the cell
(40, 41), and this can result from Ga, or GBy activation.

We also found that soluble inhibitors of PLC and PKC (cal-
phostin C and U-73122, respectively) significantly prevented
E2 activation of MMP activity (Fig. 34). This is consistent with
our identification here of G, and GSy as mediating E2-in-
duced ERK activation, because PLC and PKC up-regulation
results from the activation of these G protein subunits. We
previously showed that E2 can activate Ge,, PLC, and inositol
1,4,5-trisphosphate generation via membrane ER (6), and E2
has been described to stimulate PKC activity in several cell
types (reviewed in Ref. 42). PKC-dependent signaling in
growth plate chondrocytes mediates E2-induced regulation of
these cells, and originates from membrane action of the steroid
(43). These findings link the most proximal signaling events to
later events (MMP activation and HB-EGF shedding), mediat-
ing EGFR transactivation.

Role of Src in Shedding of HB-EGF—It has been documented
that E2-liganded ER complex with and activate the Src tyro-
sine kinase, and this is necessary for E2 stimulation of ERK (8,
17). Src could potentially play a role both upstream and down-
stream of EGFR activation. We therefore determined where
Src activation is required for the proximal signaling induced by
E2, leading to EGFR transactivation. As shown in Fig. 3B,
E2-induced MMP-2 and MMP-9 activation and secretion at 2
min (first lane versus second lane). This was substantially
prevented by the Src family kinase inhibitor, PP2 (third lane),
or by expressing a specific dominant negative Src construct,
PRC-csrc-K298M (26) (fifth and sixth lanes compared with first
and second lanes). Thus, these results define a novel role for Src
in E2-induced signaling from the membrane, and we suggest
that this molecule may play a similar role in other GPCR-
induced activation of EGFR through this mechanism.

ER Is Required for Proximal Signaling Events—We earlier
showed that E2 requires an ER to activate ERK (Fig. 1). To
further support the idea of the necessity of ER presence for E2
action, we expressed ERa in HCC-1569 cells and determined
the proximal signaling events implicated. We first demon-
strated that expression of the dominant negative Go; and Gay,
mini-genes substantially blocked E2-induced ERK, compared
with kinase activity in the presence of the control (inactive)
construct, Ga,, (Fig. 64). Similarly, expression of C-terminal
truncated B-adrenergic receptor kinase (BARK1) also down-
regulated E2/ER-induced ERK, whereas the truncated mini-
gene for Ga,; was without effect (similar to control). We also
examined HB-EGF secretion and found that E2 stimulated the
secretion of this receptor ligand only when ER was expressed
(Fig. 6B, lanes 1 and 2 versus lanes 3 and 4). ICI182780 and
MMP inhibition significantly prevented the stimulation of HB-
EGF secretion. Finally, we found that in the presence (but not

mined by Western blot. The bar graph is three experiments combined.
* p < 0.05 for control versus E2; +, p < 0.05 for E2. B, antibody to
HB-EGF but not TGFa blocks E2-induced ERK activation. MCF-7 were
incubated with 10 nM E2 with or without 10 pg/ml antibody to HB-EGF
or TGF«, and ERK activity was determined after 8 min. The antibodies
alone had no effect on ERK activity. C, HB-EGF but not TGFa antibody
blocks the E2-induced transactivation/phosphorylation of EGFR. The
cells were incubated with 10 nM E2 with or without antibodies for 8 min,
and lysate was subjected to SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with an antibody to tyrosine 1173 of the EGF
receptor. ¥, p < 0.05 for control versus E2 or E2 plus TGFa antibody; +,
p < 0.05 for E2 versus E2 with HB-EGF antibody.
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Fic. 3. E2 activates matrix metalloproteinase 2 and 9 secretion and activity. A, cells were incubated with or without E2 with or without
BAPTA (intracellular calcium inhibitor), EDTA (chelates extracellular calcium), a specific PLC inhibitor, U73122, or a specific PKC inhibitor,
calphostin C for 2 min. Cleavage of substrate for MMP-2/MMP-9 by the medium from MCF-7 cells incubated with 10 nM E2 for 2 min was
determined by spectroflurometry. The data are from triplicate determinations in a representative experiment, repeated twice. B, MCF-7 cells were
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in the absence) of ERa, E2 stimulated the activation of MMP-2  E2 to activate rapid signaling in breast cancer.

and MMP-9 (Fig. 6C). This was partially dependent upon ex- The Role of EGFR in E2 Activation of Multiple Signaling
tracellular calcium, PLC, and PKC signaling. These data Pathways—Most studies invoking the role of EGFR in GPCR
strongly support the idea that the classical ERa is required for  signaling have examined ERK activation. Regarding E2 signal-

incubated with E2 with or without PP2 (soluble Src inhibitor) or with E2 in cells transfected to express a dominant negative Src (pRC-csre-K298M).
By gelatin zymography (see “Experimental Procedures”), active (act) MMP-9 and MMP-2 are shown, along with the inactive (pro) MMP-2 protein.
M.W., molecular weight. C, matrix metalloproteinase or ER inhibition prevents E2-induced ERK activation. MCF-7 cells (left panel) and ZR-75-1
cells (right panel) were incubated with E2 + ICI182780 or GM6001 (MMPI), and ERK activity was determined. EGF was also added as a control.
The bar graph is three experiments combined. *, p < 0.05 for control versus E2 or EGF; +, p < 0.05 for E2 versus E2 with MMP1. MMPI, matrix
metalloproteinase inhibitor; MBP, myelin basic protein.
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FiG. 5. Ga subunit protein activation is required for E2-in-
duced ERK activation in MCF-7 cells. A, expression of dominant
negative mini-genes for Ga, and Gai but not Ga,, G,,, or G,; prevents
E2-induced ERK. The cells were transfected to express truncated Ge
subunits, serving as dominant negatives, then recovered, and exposed
to E2 10 nM for 8 min. ERK activity was determined. Lanes I and 2 are
nontransfected cells; lane 3 is E2-stimulated ERK after control plasmid
transfection. The bar graph represents three experiments combined. *,
p < 0.05 for control versus E2, or control versus E2-incubated, Ga,, -
transfected cells. +, p < 0.05 for E2-incubated, Ga;, -transfected cells
versus E2 in Ga; or Ga, mini-gene expressing cells. B, GBy contributes
to E2-induced ERK activation. The cells were transiently transfected to
express a dominant negative, C-terminally truncated g-adrenergic re-
ceptor kinase (BARK1-CT), the cells were recovered for 24 h, and then
ERK activation by E2 was determined. A representative experiment,
repeated twice, is shown.

ing, ERK and cAMP generation are the two pathways that have
been identified to require EGFR activation (24, 25), but this
has only been established in breast cancer cells. To further
define the role of EGFR in E2-induced signaling from mem-
brane ER, we examined breast cancer cells and EC, cells that
express endogenous ER (9, 20). In MCF-7 cells, we found that
E2 activated protein kinase B (AKT) (Fig. 7A). This was sub-
stantially prevented by the soluble inhibitor of MMP activity
and by tyrphostin AG1478, implicating the EGFR. These two
compounds had no effects by themselves (data not shown). In
EC, we previously showed that E2 activates the p388 member
of the MAP kinase family, and this was essential for E2 to act
as a cell survival factor during hypoxia, to preserve EC mor-
phology after metabolic insult, and to stimulate EC migration
and primitive capillary formation (33). Here, we show that
MMP inhibition or EGFR tyrosine kinase inhibition signifi-
cantly prevents E2 signaling to the activation of p388 (Fig. 7B).
Thus, additional signal transduction pathways are rapidly trig-
gered by E2 in several cell types, and these pathways require

Proximal Events in Signaling by Plasma Membrane ERs

EGFR transactivation via the linked events we show here.

E Domain Activation of Signaling—What structural aspect
of the membrane ER is necessary for activation of the signal
cascade that results in EGFR activation and ERK up-regula-
tion? This is an important issue, and assuming that the mem-
brane and nuclear proteins are the same (6), there is no typical
catalytic or kinase domain sequence present in ER« or ERS. It
has recently been shown in CHO cells lacking endogenous ER
that targeting of the E domain of ERa to the plasma membrane
is sufficient to allow strong activation of ERK by E2 (5). This
same, localized construct rescues HeLa cells from apoptotic cell
death in response to etoposide (17), and in both situations,
targeting of the E domain to the nucleus had no effect. We
therefore asked whether targeting the E domain of ERa to the
plasma membrane was sufficient to activate the signal path-
way that we define here. This was accomplished in the HCC-
1569 breast cancer cells that do not express ER. Targeting the
E domain to the plasma membrane resulted in MMP activation
(Fig. 84) and EGFR activation (Fig. 8B), leading to ERK up-
regulation (5). In the absence of the expressed E domain, E2
was unable to stimulate any of these events. Targeting the E
domain to the nucleus also did not result in activation of this
pathway. Therefore, the E domain appears to be sufficient for
the complex interactions at the plasma membrane that allow
assembly and activation of the signalsome in response to E2.

DISCUSSION

The ability of E2 to signal from membrane ER is increasingly
appreciated as being important to the effects of this sex steroid.
E2 triggers calcium increases in seconds and rapidly activates
PKC and adenylate cyclase. Downstream activation of several
kinases then leads to cell biological effects in a variety of cell
types (44). Ischemia reperfusion injury of muscle in rats is
limited by E2, and this occurs through the physical association
of ER with phosphatidylinositol 3-kinase, the subsequent up-
regulation of kinase activity, and the generation of NO (13). E2
acts as a survival factor for neurons (27), breast cancer (16, 45),
and osteoblasts (17) while suppressing osteoclast differentia-
tion (14). The sex steroid also acts as a survival and angiogen-
esis-promoting factor for EC (33). These effects are related to
the modulation of ERK, JNK, and p38 MAP kinases, regulated
through membrane ER. Recently, it was shown that the ad-
ministration of antibodies to ERa in nude mice blocked the
growth of human breast cancer xenografts. This probably re-
sulted from the antibodies inhibiting membrane ER signaling
to ERK and phosphatidylinositol 3-kinase (46). Therefore, it is
important to understand how E2 acts through membrane ER to
trigger signal transduction.

Now established for a variety of GPCRs, membrane ER lo-
calize substantially to caveolae (3-5). Here, they can physically
complex with or activate signal molecules, including G pro-
teins, receptor tyrosine kinases (insulin-like growth factor-1
receptor and EGFR), nonreceptor tyrosine kinases (Src family),
and a variety of adapter and threonine/serine kinase proteins.
This probably occurs on a scaffold platform provided by caveo-
lin-1 (47, 48) and in part related to tyrosine 14 phosphorylation
of this protein (49). Interestingly, this tyrosine is the principal
substrate for Src kinase action (49), and the ability of E2 to
activate Src at the membrane (8, 17) may therefore contribute
to assembling the mature signalsome upon ER ligation by E2.
Caveolin-1 can bind to and promote the assemblage of G pro-
teins, Src, Grb7, Raf, Ras, MEK, and the EGFR at the plasma
membrane (48). Caveolin-1 also facilitates ER translecation to
the plasma membrane and localization within the caveolae
microdomain (5). In this way, localizing ER and the signaling
molecules to a confined area could augment the ability of
E2/ER to transactivate EGFR, resulting in the stimulation of
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FiG. 6. ER is necessary for E2-induced proximal signaling. A, specific G protein subunits are required for ER-induced ERK. HCC-1569 cells
were co-transfected to express ERa or pcDNA3 and truncated Ga subunits or the C-terminal truncated B-adrenergic receptor kinase (BARK1-CT).
The cells were recovered and then incubated with 10nME2 for 10 min, and ERK activity was determined. The bar graph represents two
experiments combined. B, HB-EGF secretion in response to E2. ERa or pcDNA3 was expressed, and the cells were incubated with E2 with or
without MMPI or ICI182780 for 3 min. Electrophoresed proteins were then subjected to Western blot. The bar graph is three experiments
combined. C, MMPI activation by E2 requires ER. ERa-transfected HCC-1569 cells were incubated with E2 for 2 min, and the cell lysate was used
to determine MMP activity by spectroflurometry. EDTA is a calcium chelator, U-73122 is a PLC inhibitor, and calphostin C is a PKC inhibitor.

ERK activity (this work and Ref. 25). However, upon GPCR
ligation, caveolin probably dissociates from binding to the
EGFR, leading to the activation of this receptor tyrosine kinase
(50).

Although some details of the mechanisms of EGFR transac-
tivation by ER (or any GPCR) are known, there are several
aspects that are not clear. We found that the ability of mem-
brane ER to activate Ga, and Ga;, but not the o subunits of G,
G5, and G, 3, was important to the subsequent (but still rapid)
signaling events upstream of EGFR activation (Fig. 9). GBy
inhibition also prevented the full transactivation of EGFR and
ERK up-regulation in response to E2. This underscores the
ideas that E2 activates several G proteins (6) and that there are

specific functions for each but with some degree of redundancy.
The partial redundancy we demonstrate may be related to the
requirement that full signaling by E2 requires multiple G
protein activations. Supporting this idea, we found that co-
expressing dominant negative mini-genes for Ga, and Ge; (but
not co-expression with GaS) added to the inhibition of E2/ER
signaling to MMP activation and EGFR activation, compared
with the inhibition of single Ga subunits.? This may be related
to the necessity for complete activation of Src and Src-induced
signaling to MMP activation (see below).

2 M. Razandi, A. Pedram, and E. R. Levin, unpublished observations.
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Fic. 7. Additional signaling pathways that depend upon ER to
EGFR cross-talk. A, E2-induces AKT activation in MCF-7 cells, de-
pendent upon MMP activation and EGFR tyrosine kinase function.
MCF-7 cells were incubated with E2 with or without GM6001 or tyr-
phostin AG1478 for 10 min, and AKT phosphorylation at serine 473 was
determined. B, p388 activation in endothelial cells by E2 is significantly
prevented by inhibition of MMP activity or the EGFR tyrosine kinase.
EC were incubated with 10 nm E2 for 15 min, and the p38 immunopre-
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FiG. 8. Structure/function relationship between ER and sig-
naling. A, targeting the E domain of ER« to the membrane of breast
cancer cells augments MMP activity. HCC-1569 cells were transiently
transfected to express the E domain targeted to the nucleus (lanes I and
2) or to the plasma membrane {lanes 3 and 4), followed by 2 min of
treatment with E2 and determination of MMP activity. A representa-
tive study is shown, repeated once. B, expressing the E domain in the
membrane leads to the transactivation of EGFR by E2. The transfected
cells were assayed for EGFR phosphorylation by Western Blot, using an
antibody against tyrosine 1138 (lane 3 versus lane 4). EGF-induced
transactivation of its receptor serves as a positive control. The study
was repeated twice.

We also found that MMP-2 and MMP-9 were necessary for
E2 to stimulate the secretion of HB-EGF and the transactiva-
tion of EGFR. First, E2 activated these two enzymes, as deter-
mined by gelatin zymography and substrate cleavage studies.
However, E2 did not up-regulate MMP-3 and MMP-13 activ-
ity, thus showing the specificity of our results. Second, E2
induced the release of HB-EGF into the cell culture medium
after only 3 min of incubation, and this was substantially
prevented by the specific antisense (but not missense) con-
structs for MMP-2 and MMP-9, with the effects being addi-
tive. Shedding of HB-EGF is a complicated process, and in-
volvement of Ras-Raf-Mek (51), Rac (52), or PKC3 and the
metalloprotease-disintegrin, MDC9 (37), has been proposed.
In some cellular contexts, unknown metalloproteinase(s) me-
diates this shedding (53). Recently, TACE/ADAM17 has been
shown to cleave expressed HB-EGF at 24 h in fibroblasts (54).
However, our results suggest that MMP-2 and MMP-9 are
sufficient.

cipitated from the cell lysate(s) was used for in vitro kinase activity
assays, with ATF-1 as substrate. The bar graphs are from three exper-
iments combined.
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ERK

FiG. 9. E2-induced proximal signaling to the transactivation of
EGFR, leading to ERK activation.

The specific signal from GPCRs that leads to MMP activa-
tion is not well understood. In this regard, we report the
novel finding that Src is necessary for E2 to activate MMP-2
and MMP-9 and subsequent HB-EGF shedding. A previous
study implicated Src as upstream from HB-EGF, but its role
was undetermined (29). The precise mechanisms by which
Src accomplishes MMP secretion and activation is unknown
but is under investigation. It should be appreciated that this
kinase is also downstream of EGFR, either through Src bind-
ing this receptor or through potential cross-talk of EGFR to
G protein-coupled receptors, leading to Src activation
(55, 56).

Our novel identification of MMP-2 and MMP-9 secretion
and activation as being involved in estrogen signaling under-
lies the overall contribution of these MMPs to breast cancer
biology. MMP-2 and MMP-9 have been implicated in the
aggressive behavior of breast cancer (57, 58). The ability of
breast cancer cells to migrate or invade/metastasize is impor-
tantly dependent on the degradation of cell matrix by MMPs.
However, these proteases also play additional important
roles to mediate cell survival, differentiation, and angiogen-
esis (reviewed in Ref. 59). Recently, MMP-2 production in
response to E2 was found to be dependent on ERK signaling
to the up-regulated activity of the AP-2 transcription factor
in mesangial cells (60). In our model, MMP activation is
necessary for E2 to stimulate HB-EGF secretion into the
culture media, and HB-EGF but not TGFa transactivates the
EGFR to signal to ERK.

The ability of EGFR to underlie E2/ER-induced ERK may
represent only a single example of the wider signaling inter-
actions of these two growth modulatory systems. We there-
fore asked whether other important signaling pathways that
originate from membrane ER are also dependent on EGFR.
We report here that E2 activates protein kinase B in breast
cancer cells and p388 MAP kinase in EC and that both
pathways are also dependent upon transactivation of the
EGFR. Utilization of EGFR to activate ERK is relatively
common for a variety of GPCRs (38, 61); however, GPCRs can
also activate ERK by pathways apart from EGFR (62). In this
respect, we previously showed that E2 stimulates Ga, and
cAMP, as well as ERK in CHO cells that are transiently
transfected to express ER but that lack endogenous EGFR
(6). Other EGF receptor family members might facilitate
GPCR signaling to distinct pathways and thereby contribute
to the specificity of signaling. For instance, the ability of
muscarinic receptors to activate AKT is dependent upon the
transactivation of the ErbB3 member of the EGFR family
(63). In other situations, platelet-derived growth factor or
insulin-like growth factor-1 receptors may be necessary for

GPCR effects (64—66). Thus, the tyrosine kinase receptor
milieu in a particular cell may specifically control the pano-
ply of signaling typically enacted by a GPCR ligand.

These interactions extend to cross-talk in both directions,
including from the growth factor receptor tyrosine kinase to ER
(67). Insulin-like growth factor-1 and EGF can signal to tran-
scription via ER, independently of E2 (68, 69). This occurs
through growth factor receptor-induced phosphorylation of the
nuclear sex steroid receptor (70) or co-accessory proteins (71),
and the induction of several kinase cascades is important in
this regard (70, 72). These complex interactions are important
in that they may contribute to the ability of breast cancer cells
to proliferate or survive via ER, even when circulating levels of
E2 are low, as in the post-menopausal woman.

An additional important issue is whether ER is required for
E2 to activate signaling pathways from the membrane. It has
previously been shown that E2 can transactivate the EGFR
and signal in breast cancer cells that do not express ER (24).
This purportedly occurs through a nondefined interaction with
the orphan GPCR, GPR 30, and can nonspecifically be acti-
vated by estrogen receptor antagonists (ICI182780) and rela-
tively inactive steroisomers (17-a-E2). We report here that in
the absence of ER, E2 can not activate ERK in HCC-1569 cells
that lack this receptor. Expressing ER (or the E domain tar-
geted to the cell membrane) allows E2 to signal through specific
G proteins, MMP activation, and HB-EGF secretion that
activates EGFR. Although some cells have been reported to
respond rapidly to E2 in a nontraditional ER-related or ER-
independent fashion (10, 73), the mechanisms underlying
these reports remain unknown. Furthermore, the majority of
studies indicate the requirement of ER for E2 action (5, 6, 8,
20, 27, 28), and these studies identify typical receptor phar-
macology for the nongenomic actions of this sex steroid (re-
viewed in Ref. 43).

What part of ER is necessary for signal transduction at the
membrane? Tyrosine 537 in the AF-2 portion of the E domain
is essential for the interaction of ER with Src and functional
up-regulation of ERK in MCF-7 cells (8). Recently, an interac-
tion between the AF-1 domain of ERa and the phosphotyrosine
binding and SH2 domains of the adapter protein She was
postulated to mediate ERK activation in MCF-7 cells (20).
However, Razandi et al. (5) recently showed that targeting the
E domain of ERa to the plasma membrane of CHO cells is
sufficient for robust ERK activation by E2, and Kousteni et
al. (17) showed that this was sufficient to rescue HeLa cells
from apoptosis. Here, we show that targeting the E domain to
the membrane (and not to the nucleus) of HCC-1569 cells
results in MMP-2 activation, EGFR transactivation, and
ERK up-regulation. Thus, it is not clear what the significance
of the AF-1 region of ER might be for signaling from the
membrane. We propose that elements in the E domain, such
as AF-2, allows for the complex interactions with G proteins,
caveolin, Sre, and other signaling molecules.

In summary, E2 activation of ERK is dependent on several
Ga and GBy subunits of small GTP-binding proteins. Src-de-
pendent stimulation of MMP-2 and MMP-9 activity in re-
sponse to E2/ER releases HB-EGF, leading to EGFR trans-
activation, and signaling to MAP kinase. The E domain of
ERa appears to be sufficient to activate these mechanisms.
The assemblage of signal transduction complexes probably
platformed on caveolin or growth factor receptor tyrosine
kinase proteins (EGFR and insulin-like growth factor recep-
tor) accounts for much of the ability of E2 to signal through
membrane-localized ER to different pathways. This mecha-
nism is increasingly appreciated to play important roles in
the cellular biology of E2 actions, and manipulation of these
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pathways could therapeutically modulate the effects of this
sex steroid.
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Interactions between the estrogen receptor (ER)
and the epidermal growth factor receptor (EGFR)
contribute to the biological effects of these binding
protein families. EGFR stimulates DNA synthesis
and gene transcription in the uterus, related in part
to estrogen-independent activation of the nuclear
ER. This results from signal transduction enacted
by the plasma membrane tyrosine kinase growth
factor receptor, leading to 1) phosphorylation and
activation of the nuclear ER, and 2) phosphoryla-
tion of coregulator proteins. More recently, it has
been shown that a pool of ERa resides in or asso-
ciates with the plasma membrane as a cytoplasmic

protein. These ERs utilize the membrane EGFR to
rapidly signal through various kinase cascades
that influence both transcriptional and nontran-
scriptional actions of estrogen in breast cancer
cells. This is congruent with a general theme of
receptor signaling, where membrane G protein-
coupled receptors activate tyrosine kinase growth
factor receptors (EGFR, IGF-I receptor) that sub-
sequently signal to MAPKs and other pathways.
Overall, the bidirectional cross-talk between EGFR
and cellular pools of ER contributes to reproduc-
tive organ physiology and pathophysiology.
(Molecular Endocrinology 17: 309-317, 2003)

OST GROWTH FACTORS activate cell prolifer-

ation, differentiation, or survival programs
through binding their attendant tyrosine kinase recep-
tors, expressed in the plasma membrane (1-4). As a
result, the receptors undergo dimerization and confor-
mational changes that result in transphosphorylation
at discrete tyrosine residues. This provides binding
sites for signaling or linker/adapter molecules that
contain Src-homology 2 domains, and the recruitment
of additional signal molecules (5, 6). Such proteins
include nonreceptor tyrosine kinases such as Src fam-
ily members, or Grb and Sos family proteins. Signal
cascades are then triggered, dependant upon the
translocation, membrane association, and activation
of tyrosine, serine/threonine, and lipid kinases, includ-
ing ras, raf, protein kinase C, and phosphatidylinositol
3-kinase (PI3K). These kinases phosphorylate sub-
strate proteins in the cytoplasm, altering target protein
function. As an example, stimulation of PI3K results in
AKT activation, which then phosphorylates a variety of
proapoptotic proteins, including BAD, glycogen syn-

Abbreviations: E,, Estradiol; EGF, epidermal growth factor;
EGFR, EGF receptor; ER, estrogen receptor; GPCR, G protein-
coupled receptor; HB-EGF, heparin binding-EGF; IGF-IR, I1GF-|
receptor; KO, knockout; MMP, matrix metalloproteinase;
PI3K, phosphatidylinositol 3-kinase; STAT, signal transducer
and activator of transcription.
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tase kinase-38, or Forkhead transcription factors (7,
8). This posttranslational modification sequesters/
inactivates these proteins in cytoplasm, leading to cell
survival.

Kinases also translocate to the nucleus, where they
phosphorylate/activate and transcribe transcription
factors that induce a variety of immediate early and
late-arising genes. This important event underlies
many of the biological effects of growth factor signal-
ing. In fact, when nuclear localization of the ERK mem-
ber of the MAPK family is prevented, cell proliferation
often ceases (9). Important nuclear targets of ERK that
are relevant to cell division include the transactivation
of the cyclin D1 gene and the protooncogenes c-fos
and c-myc (10-13). Therefore, the ability to signal from
the membrane to both cytoplasmic and nuclear events
is an essential feature of growth factor receptor
function.

Steroid hormones have traditionally been conceived
to act through the ligation of nuclear receptors (14).
For estrogen, binding to estrogen receptor (ER)a or
ERB results in an active complex in the nucleus that
binds DNA directly at estrogen response elements
within the promoters of target genes. Alternatively,
estradiol (E,)/ER promotes transcription factor binding
to DNA (15). Liganded ER forms complexes with co-
regulator proteins (16), and constituents of the basal
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transcription machinery complex, leading to the
modulation of RNA polymerase Il activity, histone-
induced chromatin unwinding, and transcription.
However, it has become increasingly clear that es-
trogen (and other steroid hormones) also rapidly
activates signaling in seconds to minutes, and this
cannot be explained by any known function of nu-
clear receptors (17). Furthermore, ERs that lack a
nuclear localization sequence (18) or truncated ERs
that are targeted to the plasma membrane are fully
capable of activating kinases and subsequent cell
proliferation or survival (19, 20). A small pool of
endogenous ERs that localize to the plasma mem-
brane in various target cells can act similarly to
classic growth factor receptors imbedded in the
membrane. These ERs have been localized to
caveolae raft domains isolated from the plasma
membrane of target cells such as endothelial cells
(19, 21). It is still unclear, however, whether these
sex steroid receptors are integral membrane pro-
teins and/or tether as cytoplasmic proteins to the
cytoplasmic face of caveolae through binding to
caveolin-1.

An important principle in the signaling field is that
growth factor receptors cross-talk to each other. This
includes heterodimerization between receptor family
members, exemplified by the four members of the
epidermal growth factor (EGF) receptor (EGFR) family
(22). Additionally, signaling from one receptor acti-
vates cytoplasmic nonreceptor kinases (e.g. -Src) that
positively or negatively modulate the activity of adja-
cent receptors (23). In this respect, EGFRs expressed
on a population of cells may spread signal transduc-
tion enacted by a variety of unrelated growth factor
receptors on adjacent cells (24).

Emerging data suggest cross-talk may exist be-
tween plasma membrane steroid receptors. Proges-
terone can stimulate ERK signaling via the utilization of
ER (25), and estrogen or androgen can promiscuously
stimulate signaling to ERK (and cell survival) through
either sex steroid receptor (20). Furthermore, both
membrane growth factor and steroid receptors inter-
weave their actions with those of nuclear steroid re-
ceptors, thereby impacting cell biology. An example is
that nuclear receptors transcribe genes, the protein
products of which are acutely altered in function by
phosphorylation, resulting from membrane receptor
signaling.

In this overview, | will describe the current state of
cross-talk between ERs and EGFRs. Work in this
area has established a requirement of nuclear ER for
some EGFR [and perhaps IGF-| receptor (IGF-IR)]
actions. Recent findings suggest the important role
of EGFR (or similar receptors) for estrogen signaling
from the membrane in breast cancer. Bidirectional
signaling between these essential cellular factors
augments the actions of the individual steroid and
growth protein.

Levin ¢ Minireview

SIGNALING FROM EGFRs TO NUCLEAR ERs

EGF binds to one or more members of the EGFR
family that enact signaling cascades to the nucleus
and cytoplasm, resulting in cell biological actions (22,
26). This pathway is indirectly used by E,. In repro-
ductive organs, E, induces the EGFR and stimulates
growth and rapid proteolytic activity in the uterus (27).
Subsequent investigations established that this sex
steroid stimulates the synthesis of EGF in this repro-
ductive organ (28). Up-regulation of EGF probably ex-
plains the strong proliferative effect of E, on uterine
epithelium, an action that is prevented by EGF anti-
body (29). Increased synthesis of EGF resulting from
E, action extended the earlier observation that E; in-
duces EGF secretion from breast cancer cells (30) and
implicates this interaction in the growth of hormonally
responsive cancer. In EFGR knockout (KO) mice, the
stromal compartment, but not the epithelial response
to E,, is severely limited in both the uterus and vagina
(31).

A novel model of ER and EGFR interaction is derived
from the observation that EGFR signaling depends
upon an ER-mediated function but in an estrogen-
independent fashion (32). Studies from Ignar-
Trowbridge et al. (33) showed that EGF induction of
DNA and lipid synthesis in the uterus could be pre-
vented by ICI 164,384, an ER antagonist. More recent
studies suggest that the effects of ER antagonists
could be mediated through recruiting corepressors,
thereby inhibiting growth factor-induced ER transcrip-
tional effects (34). Continued work from the laborato-
ries of DiAugustine and Korach (35) showed that EGF-
induced DNA synthesis and transcription were absent
in uteri from ERa KO (ERKO) mice. These results
clearly show dependency on ER for EGF action in
reproductive organs.

How does EGFR utilize ER for biological actions?
Insight resulted from the observations that several
peptide growth factor receptors signal to the phos-
phorylation and activation of the nuclear ER (36, 37).
This includes EGF and was originally attributed to the
ability of growth factor receptor-activated MAPK (ERK)
to phosphorylate serine 118 in the A/B domain of the
nuclear ERa. Serine 118 phosphorylation results in an
increased ER-related transactivation of genes that are
up-regulated by EGFR. Work by Ignar-Trowbridge et
al. (38) showed that EGFR ligation induces the tran-
scriptional up-regulation of an estrogen response el-
ement reporter construct, in ER-dependent fashion.
This group also demonstrated that EGFR-to-ER cross-
talk requires the A/B domain of ER« (39). Subsequent
studies implicated several kinases that phosphorylate
additional residues within ERe, resulting in the in-
creased transcriptional activity of the nuclear receptor
(40-44). Thus, impact of the growth factor receptor-ER
interaction depends upon the signaling milieu within a
particular cell that differentially phosphorylates numer-
ous residues in the nuclear ER.
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Another mechanism through which EGFR-induced
signaling modulates ER transcriptional activity is via
coregulator protein phosphorylation. As an example,
EGF-induced ERK phosphorylates serine 736 of glu-
cocorticoid receptor interacting protein 1. This in-
creases the activity of this nuclear receptor nonspe-
cific coactivator protein (45). EGF-triggered Src and
Jnk activation may have a similar function for the
cAMP response element-binding protein (46). Other
coactivator proteins that are important and specific to
ER function could be similarly activated or recruited
through signaling-induced posttransiational modifica-
tions. Interestingly, growth factor receptors signal to
cyclin D1 production, as part of promoting G,/S phase
cell cycling (47). Cyclin D1 activates ER transcriptional
function (48) and interacts with the coactivator pro-
teins, steroid receptor coactivator 1 and cAMP re-
sponse element-binding protein/p300, as an addi-
tional mechanism to amplify nuclear ER action (49, 50).

It is conceivable that EGFR signaling also inhibits
the activity/function of corepressor proteins on tar-
geted promoters, and that other EGFR family mem-
bers could also cross-talk to the nuclear ER. In breast
cancer and other estrogen target cells, EGFR family
members often heterodimerize, and ligands [heparin
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binding-EGF (HB-EGF), TGFa, or EGF] can be some-
what promiscuous in their binding. Such consider-
ations may be relevant to the interactions of the erb2/
Neu oncogene and ER in early breast cancer. In this
respect, breast tumor formation in mouse mammary
tumor virus-erb2/neu mice is delayed on an ERKO
background (51). A summary of mechanisms of EGFR
signaling through ER is seen in Fig. 1.

Finally, it has recently been reported that the EGFR
translocates to the nucleus, where it can bind to AT-
rich DNA sequences and modulate the transcription of
the cyclin D1 gene (52). Modulation of this controver-
sial event by EGF occurs 48 h after ligation (53), and
any interactions with the nuclear ER would be ex-
pected to impact the more chronic effects of the
growth factor receptor.

In parallel to the interaction between the EGF sys-
tem and ER, there is abundant evidence indicating
cross-talk between the IGF-| system and ER. IGF-|
binding activates its receptor, leading to PISK/AKT
activation, increased ERa synthesis, and augmented
ERa transcriptional activity. This probably results from
the phosphorylation of several serine residues in the
AF-1 region (43) and EGFR accomplishes a similar
action. Similarly to EGF, IGF-| activates parameters of

GRIP-1
CBP

D1
S118
ERG ——L_A/, T
T

ranscriptional activity

y

Fig. 1. EGFR Activation of ER or Coregulator Proteins via Signaling through MAPK Cascades
GRIP-1, Glucocorticoid receptor-interacting protein; CBP, cAMP response element-binding protein.




312 Mol Endocrinol, March 2003, 17(3):309-317

uterine cell proliferation in vivo, and this is dependent
on ERa (54). Interestingly, in both the uterus and in
breast cancer models, IGF-I signaling to ERK and
PIBK/AKT is unaffected by ERa loss or antagonism
(54, 55). When ER« is reexpressed in breast cancer
cells that have lost ER through repetitive culturing,
both E, and IGF-1 resume their growth-inducing func-
tion (56). E, stimulates many proteins in the IGF-1
system, including IRS proteins, IGF-IR, and IGF-bind-
ing proteins (57, 58), and ERa binds and phosphory-
lates the IGF-1R and enhances signaling through the
growth factor receptor (59). In breast cancer, IGF-1and
E, cooperate to promote G,/S cell cycle progression
(60, 61), and in the uterus of the IGF-I1 KO mouse,
E,-induced growth is absent (62). Thus, there appears
to be an important cooperation and cross-talk be-
tween these two systems as well.

SIGNALING FROM ER THROUGH EGFR

The realization that E, has rapid effects in cells led to
the characterization of the many generated signals. E,
stimulates calcium channe! opening and calcium influx
or mobilization within seconds of binding receptors
expressed in target tissues (63, 64). E, rapidly gener-
ates cAMP (65), phospholipase C, and inositol phos-
phate (66, 67). This results from G protein activation,
and these early signals are transmitted to the rapid
stimulation of protein kinase C, protein kinase A,
MAPK, and PI3K (68). Functional and immunohisto-
logical identification of endogenous membrane ER
(69, 70) led to the characterization of these receptors
after expression of the cDNAs for classical ERa and
ERB in Chinese hamster ovary celis (71). These latter
studies indicated that membrane ER physically asso-
ciate with and activate various G protein a-subunits,
including Gas and Gag. G protein activation explains
how ER generates cAMP (Gas function) or inosito!
1,4,5-triphosphate and calcium (Gaq function), as ex-
amples. Subsequent work showed that endogenous
ERu activates Gai, leading to the generation of nitric
oxide in endothelial cells (72).

An important finding described by Ullrich and col-
leagues (73) indicates that several G protein-coupled
receptors (GPCRs) signal to ERK via the transactiva-
tion of the EGFR. Later studies from other laboratories
confirmed and extended these observations to many
GPCRs and provided additional details underlying this
cross-talk. Identification of the membrane ER as a
receptor capable of activating G proteins (71, 72) in-
voked the possibility that this receptor signaled
through cross-talk/activation of the membrane EGFR.
Filardo et al. (74, 75) showed that estrogen rapidly acts
in breast cancer cells to stimulate the transactivation
of EGFR, leading to cAMP and ERK up-regulation.
This occurs through a linked path, first described for
other GPCRs by Ullrich and colleagues (76). E, in-
duces mainly unknown proximal signaling to cause the
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activation of undefined matrix metalloproteinases
(MMPs). Increased MMP function leads to the libera-
tion of HB-EGF, which then binds and activates the
EGFR. However, Filardo et al. (74) reported that 17~
E,, 17a-E,, or the ER antagonist, ICl 182780, were
equivalent in activating EGFR and ERK. EGFR trans-
activation was proposed to occur independently of
any ER and resulted from an undetermined effect of E,
to activate the orphan GPCR, GPR 30 (77). More re-
cent studies from Razandi et al. (78) demonstrated that
E, requires an ER to signal to EGFR in breast cancer
and is consistent with most studies that show an ER is
necessary for rapid signaling by E, at the membrane
(19, 42, 66, 79-81). Razandi et al. (78) also found that
E,/ER triggers a Gaq, Gai, and Gpy-dependent acti-
vation of MMP-2 and -9, mediated through Src acti-
vation. By antisense studies, MMP-2 and MMP-9 were
shown to be necessary for E,-induced HB-EGF cleav-
age and liberation, the transactivation of EGFR, and
downstream signaling to ERK and PI3K in breast can-
cer cells, and p38 MAPK in endothelial cells. It is
possible that GPR30 may complex with and mediate
membrane ER cross-talk to EGFR. However, recent
studies from Ahola et al. (82) have called this idea into
question. These investigators found that antisense in-
hibition of endogenous GPR-30 had no effect on E,
signaling to cell proliferation in MCF-7 cells. Thus, this
definitive approach suggests that GPR30 is not re-
quired and supports previous studies that ER 1) di-
rectly associates with and activates G proteins, and 2)
this leads to downstream signaling (71, 72). The mol-
ecules involved in the ER-to-EGFR cross-talk are
shown in Fig. 2.

The full extent of membrane-initiated signaling by
E,/ER and its dependence on EGFR remains to be
defined, and the in vivo significance is incompletely
understood. However, it was demonstrated more than
10 yr ago, that EGF antibody prevents E,-induced
vaginal and uterine growth (29), implying that cross-
talk from ER to the EGFR at the membrane may be
physiologically important. Recent studies concerning
the role of E,/ER signaling at the membrane support
this idea. Simoncini et al. (83) showed that in endo-
thelial cells, ERa directly associates with the mem-
brane-tethered p85 subunit of Pi3K. E, rapidly acti-
vates this kinase, leading to the generation of nitric
oxide, and the rescue of rats from ischemia-reperfu-
sion injury of their muscle. It is known that EGFR and
PI3K associate (84), and so it is possible that a multi-
protein complex exists between ER/PI3BK/EGFR and
endothelial nitric oxide synthase molecules, perhaps
scaffolded onto caveolin-1 at the membrane (19, 21,
85). Similarly, Migliaccio et al. (79) showed that ER and
Src form a complex. The interaction between ER and
Src may be mediated by a newly described adapter
protein, modulator of nongenomic activity of estrogen
receptor (86). Src activation by E, leads to a kinase
cascade resulting in ERK activation and DNA synthe-
sis in cancer cells (79). Interestingly, EGFR and Src
associate, and both molecules also form complexes
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Fig. 2. Membrane ER Cross-Talk to EGFR Leads to Downstream Signaling and Changes in Cell Biology of Breast Cancer

with caveolin-1 (87). Src or EGFR phosphorylates
caveolin-1 at the important tyrosine 14, and this leads
to the down-regulation of signaling (88). The ability of
E,/ER at the membrane to signal to ERK (via the dem-
onstrated EGFR transactivation) has additional impor-
tance for cell biology. Song et al. (89) recently dem-
onstrated that ER« lacking a nuclear localization signal
and targeted to the plasma membrane activates ERK
and cell proliferation in Chinese hamster ovary cells.
Also, the survival of breast cancer cells that are sub-
jected to radiation or taxo! chemotherapy is enhanced
by E,, partially through ERK activation (90). In aggres-
sive breast cancer, a truncated MTA1 protein was
recently found to be highly expressed (91). This protein
sequesters ER away from the nucleus and strongly
reduces E,-activated transcription, yet promotes in-
creased ERK signaling and aggressive behavior of the
tumor. In neurons subjected to several inducers of
apoptosis, E, protects these cells through ERK acti-
vation (92). The actions of E, mediated by this MAPK
occur through both protein phosphorylation (30) and
gene transcription (93, 94). Most recently, bone loss in
vivo was prevented by a compound (4-estren-3a, 178-
diol) that has no direct transcriptional activities but
activates ERK signaling (95). Therefore, it is probable
that the cross-talk from membrane ER through EGFR

to downstream kinase activation is biologically
important.

The precise structural aspects of the membrane ER
that are required for G protein activation are unclear at
present but appear to mainly reside in the E domain.
This conclusion is based upon the observations that
targeting the E domain alone to the plasma membrane
allows E; activation of ERK (19) and rescues bone cells
from an apoptotic cell death (20). Similarly, sending
the E domain to the plasma membrane of ER-negative,
breast cancer cells resuits in E,-induced, Src-depen-
dent matrix metalloproteinase activation, HB-EGF lib-
eration, and EGFR transactivation (78). Thus, the
membrane E domain alone can recapitulate the key
elements of the pathway from ER to EGFR. These
findings are supported by the earlier observation that
Src complexes with (and is activated by) E,/ER, and
that tyrosine 537 within the E domain is an essential
structural component (96). This may be important for
specific signaling pathways, however. Bjornstrom and
Sjoberg (97) have recently examined the E, rapid ac-
tivation of signal transducer and activator of transcrip-
tion (STAT) transcription factor-induced B-casein pro-
moter activation. STAT activation requires both ERK
and PI3K, induced by E,/ER. These authors report that
mutating tyrosine 541 of the mouse ER« (equivalent of



314 Mol Endocrinol, March 2003, 17(3):309-317

human ERe tyrosine 537) has no effect on E, induction
of the STAT-B-casein pathway. Also, Song et al. (89)
recently showed that the Src homology 2-domain con-
taining adapter protein, Shc, complexes with ERa
through the AF-1 domain, and suggested that this
interaction may underlie Ep-induced ERK. However,
we recently found that expression of only the mem-
brane-targeted E domain (19), or A/B domain-deleted
ERa (unpublished observations) 1) fully binds steroid
at the membrane, and 2) comparably activates ERK,
compared with expressed wild-type ERa. Thus, cur-
rent data support a unique and complete role for the E
domain in effecting signal transduction initiated at the
membrane.

PERSPECTIVE

The bidirectional cross-talk between ER and the
growth factor receptors EGFR and IGF-IR indicates a
potent method of augmenting E, or growth factor ac-
tion. In a particular cell type and situation, there may
be a predominant contribution from one of these path-
ways, essential to the cell biology of breast cancer, for
instance. Tamoxifen is effective in preventing the
reoccurrence of ER-positive breast cancer, in part
because it inhibits aspects of E, and EGFR signaling.
In ER-negative breast cancer, there is possibly less
restraint on EGFR signaling to cell proliferation or
survival in the absence of ER antagonism, thereby
contributing to a more aggressive phenotype. Interest-
ingly, in human breast cancer, ER and EGFR concen-
trations are inversely correlated (98, 99), and ER
appears to repress the EGFR gene through a first
intron sequence (98). Increased EGFRs in ER-negative
breast cancer may also contribute to the more active
growth and invasive behavior of these tumors.

The interactions of ER and EGFR impact both the
transcriptional and nontranscriptional effects of ste-
roid hormones and protein growth factors, but these
are not mutually exclusive actions. Membrane E,/ER
activates PI3K signaling via EGFR (78). As shown by
DNA microarray, PI3K activation by E, leads to the
up-regulation of 250 genes after just 40 min of expo-
sure of endothelial cells to sex steroid (100). Thus,
ER-EGFR cross-talk at the membrane enacts multiple
signaling pathways that likely have a profound impact
on the transcriptional effects of E,. It is certainly pos-
sible that manipulating the specific pathways that re-
sult from the bidirectional signaling will yield therapeu-
tic interventions for human disorders that result from
excessive growth factor and steroid hormone action.
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Estrogen receptors (ER) have been localized to the cell plasma membrane (PM), where signal transduction
mediates some estradiol (E2) actions. However, the precise structural features of ER that result in membrane
localization have not been determined. We obtained a partial tryptic peptide/mass spectrometry analysis of
membrane mouse ERa protein. Based on this, we substituted alanine for the determined serine at amino acid
522 within the E domain of wild-type (wt) ER«. Upon transfection in CHO cells, the S522A mutant ER«
resulted in a 62% decrease in membrane receptor number and reduced colocalization with caveolin 1 relative
to those with expression of wt ERa. E2 was significantly less effective in stimulating multiple rapid signals from
the membranes of CHO cells expressing ERa S522A than from those of CHO cells expressing wt ERa. In
contrast, nuclear receptor expression and transcriptional function were very similar. The $522A mutant was
also 60% less effective than wt ERa in binding caveolin 1, which facilitates ER transport to the PM. All
functions of ER« mutants with other S-to-A substitutions were comparable to those of wt ER, and deletion of
the A/B or C domain had little consequence for membrane localization or function. Transfection of ER«x S522A
into breast cancer cells that express native ER downregulated E2 binding at the membrane, signaling to ERK,
and G,/S cell cycle events and progression. However, there was no effect on the E2 transactivation of an
ERE-luciferase reporter. In summary, serine 522 is necessary for the efficient translocation and function of
ERa at the PM. The S522A mutant also serves as a dominant-negative construct, identifying important
functions of E2 that originate from activating PM ER.

Steroid action is attributed primarily to the regulation of  ER have been localized on vascular smooth muscle, pituitary,

target genes through nuclear receptor binding and transacti- and endothelial cells that express endogenous receptors, by
vation, subsequently producing cell biological effects (42).  using antibodies raised against multiple epitopes of the nuclear
However, it has increasingly been appreciated that steroids, = ERa (25, 26, 36). However, many questions remain concerning
such as estradiol (E2), act rapidly through nongenomic mech-  this relatively small population of ER at the cell surface.

anisms of signal transduction (4, 16, 41). These signaling mech- The membrane ER has been reported to be G protein linked

anisms have important consequences for the effects of steroids (32, 50), and E2 binding can activate many signal transduction
on cell biology (14, 40). For E2, these effects can occur after  pathways that emanate from G protein activation. These in-
the sex steroid binds to plasma membrane (PM) estrogen re-  clude kinase and endothelial nitric oxide synthase activation,
ceptors (ER) (17, 30), which has been demonstrated by immu-  ¢yclic AMP (cAMP) and inositol phosphate (IP) generation,
nohistochemistry (36) and by immunoblotting of isolated PM  and phospholipase C (PLC) stimulation (4, 16, 18, 24, 50).
domains (6). Some signaling effects of E2-ER can result from 1 jnkage to G proteins may be direct, as shown in transfected
complex interactions with PM growth factor tyrosine kinase  CHO cells expressing ERa or ERB (32) or in endothelial cells
receptors, such as the epidermal growth factor receptor  (50), but it has also been reported that E2 activates an orphan
(EGER) (10). . G protein-coupled receptor (10). Furthermore, it is not clear

Although the exact sequence of this receptor has not been  yhether this receptor spans the cell membrane or is predom-
reported, the membrane ER appears to be very similar, and  jn,tely Jocalized within or associated with the membrane bi-
perhaps identical, to the nuclear receptor. This is based upon layer. Membrane ER have recently been shown to exist in
the identification of similarly sized nuclear and membrane ER discrete caveolar domains of the PM (6, 13). It has recently
proteins that result from the expression of a single cDNA (and o0, f6und that membrane ERa can phy’sically associate with
resulting single mRNA) in CHO cells (32). Also, membrane 0 caveolar structural coat proteins caveolin 1 and caveolin 2

(31). Caveolin proteins serve as scaffolds, bringing together
— - . . various signaling molecules within a discrete area of the PM to
* Corresponding author. Mailing address: Medical Service (111-I),

Long Beach VA Medical Center, 5901 E. 7th St., Long Beach, CA regulate cytokine-induced signal transduction (3, 27). These

90822. Phone: (562) 826-5748. Fax: (562) 826-5515. E-mai: ellislevin include G proteins, nonreceptor and receptor tyrosine kinases
@med.va.gov. (Src, EGFR), and threonine-serine kinases, such as phospha-
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tidylinositol 3-kinase (PI 3-kinase) and Raf. Organization of
signaling molecules within a confined space potentially allows
E2-ER to modulate a variety of signaling cascades in target
cells.

Signal transduction via the membrane ER has increasingly
been found to be important for the cell biological effects of this
steroid, including the survival and/or growth of breast cancer,
bone, and neural cells (5, 7, 14, 24, 34, 49). This receptor has
also been implicated in prevention of the inflammatory re-
sponse to muscle ischemia-reperfusion injury (40), mainte-
nance of the endothelial cell cytoskeleton, and upregulation of
vascular cell migration and angiogenesis (33). E2 stimulation
of transcription can also be signal dependent, as stimulation of
the mitogen-activated protein (MAP) kinase ERK (extracellu-
lar regulated kinase) has been shown to be important for
transactivation of the c-fos and prolactin genes (9, 45, 46).
Transcription in response to E2 generation of cAMP has also
been reported (4). The precise structural features of ER that
facilitate the translocation of this steroid binding protein to the
membrane are not known, but such information is important
for understanding of the details of estrogen action at the cell
surface.

The studies reported here result from our attempt to under-
stand the localization and function of this protein at the PM.
To begin this, we partially determined the amino acid structure
of the mouse membrane ERg, isolated from CHO cells trans-
fected to express this protein. We identified a serine residue at
522 that is necessary for the optimal localization and function
of the sex steroid receptor at the cell surface. In contrast,
mutation of this serine had no effect on nuclear ER number,
affinity for E2, or E2-induced transactivation function. We also
report that expression of the S522A mutant ERa resulted in a
dominant-negative action only at the membrane, in cells ex-
pressing wild-type (wt) ERa. This mutant abolished several
important effects of E2 in breast cancer and can be used as a
reagent to deduce the cellular actions of E2 originating from
membrane ERa.

MATERIALS AND METHODS

Isolation and partial sequencing of a membrane ER. CHO-K1 cells were
transiently transfected with a cDNA for the mouse ERa, as previously described
(32). This resulted in the expression of both nuclear and membrane receptors.
Twenty plates of ERa-transfected CHO cells were scraped and pelleted at 1,000
X g, and pellets were resuspended in 20 mM Tris with 1 mM EDTA, 1 mM
dithiothreitol, and protease inhibitors. Cells were then centrifuged at 4°C and
8,000 X g for collection of nuclear receptors, and the supernatant was then
ultracentrifuged at 4°C and 100,000 X g for 1 h. The pellet (membranes) was
washed and ultracentrifuged again, and membranes were then further separated
by sucrose gradient overlay; fractions 3 to 5 contained the buoyant membranes
(with caveolae and rafts) that were pooled for all experiments (31). Briefly,
membrane samples were first placed in a tube with an equal volume of a solution
containing 85% (wt/vol) sucrose, 25 mM A-morpholine-ethanesulfonic acid, and
0.15 M NaCl and were then overlaid with 8.5 ml of 35% sucrose, topped up with
16% sucrose, and centrifuged at 35,000 rpm (105,000 X g) for 18 h at 4°C. Ten
fractions (1 ml each) were obtained and either further processed or separated by
sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by membrane transfer for immunoblotting. The membrane receptors were
solubilized in binding buffer (Pierce) containing 3-[(3-cholamidopropyl)-dimeth-
ylammonio}-1-propanesulfonate (CHAPS; Sigma). The purity of the membranes
was confirmed by positive immunoblotting for 5'-nucleotidase and caveolin 1
(membrane proteins) and by the lack of detection of transportin and NTF-2
(nuclear proteins) or B-coatomer protein (endosomal/Golgi protein) (38). This
was followed by affinity column purification. Briefly, protein G bound to an
antibody against ERa (H222) (11) was cross-linked with disuccinimidy! suberate
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to make the column. The ERa-containing membrane or nuclear protein was
eluted by using proprictary buffers and a proprietary protocol (Pierce). The
eluted receptor proteins were dialyzed or concentrated and then analyzed by
SDS-PAGE after being run on a 7.5% gel followed by staining. The gel protein
bands corresponding to 67 kDa were cut out, trypsin was extracted from the gel,
and the bands were then subjected to peptide degradation-mass spectrometry, as
previously described (2, 12). This generated peptide sequences from the mem-
brane and nuclear proteins, and these were compared to the known sequences of
the classical mouse nuclear ERo.

Site directed mutagenesis and targeting of mouse ERa. We carried out tryptic
peptide matrix-assisted laser desorption ionization (MALDI)-mass spectrometry
“sequencing,” as described above. At present this has yielded membrane peptide
sequences that identically overlap with 20% of the known nuclear receptor and
with 20% of our expressed nuclear receptor, supporting the idea that the two
receptors are the same (G. Alton, M. Razandi, A. Pedram, and E. Levin, un-
published data). We identified an overlap sequence from amino acid 508 to
amino acid 524 that includes a serine at 522. With surrounding residues, this was
identified by computer analysis as a potential (although not a classic) palmitoyl-
ation site (HMSN). This sequence is present as amino acids 517 to 520 of the
human receptor as well. We then mutated the serine at 522 to alanine in mouse
pcDNA3-ERa by PCR using the forward primer 5'-CGGCACATGGCTAACA
AAGG-3'. As specificity controls, we also mutated the identified serine residues
10 and 582 to alanine by using the forward primers 5'-CCCTTCACACCAAA
GCCGCGGGAATGGCCTTGCTGC-3' and 5'-GCTCCACTTCAGCACATG
CCTTACAAACCTACTAC-3', respectively. All mutations were confirmed by
sequencing at the University of California—lrvine sequencing facility. We addi-
tionally subcloned the receptors into a green fluorescent protein (GFP) vector,
pEGFPc2 (Clontech, Palo Alto, Calif.), and a multicopy histidinc-expressing
vector to monitor transfection efficiencies. wt and mutant receptor expression
plasmids were then used in studies. To generate nuclear and membrane wt ERa
constructs, pcDNA3-mouse ERa was used as a template. Twenty-five cycles of
PCR (annealing temperature, 55°C) were performed by utilizing the forward
primer 5'GCCGCTAGCACCATGACCATGACCCTTCAC3’ and the lower
primer GCCACCGGTCTGATCGTGTTGGGGAAGCCC3'. The PCR prod-
uct was ligated into pCR2.1 by using the TA cloning kit (Invitrogen, Carlsbad,
Calif.) and digested with Agel and Nhel. This fragment was subcloned into Agel
and Nhel sites on the pECFP-Nuc and pECFP-mem vectors (Clontech), yielding
ER constructs that were predominantly targeted to either the membrane or the
nucleus (confirmed by binding and functional studies).

Receptor binding and cell localization studies. wt and mutant ERa were
expressed in CHO cells, and nuclear and membrane fractions were isolated as
detailed above and were used for competitive binding assays or signal transduc-
tion studies, as previously described (31, 32). Binding studies were repeated at
least three times, and the data were used for Scatchard analysis with the LI-
GAND computer program. Results were combined for statistical comparison by
analysis of variance plus Schefe’s test. Additional ERe mutants (HE11G, with
the A/B domain deleted; HE19G, with the C domain deleted; and HEG0-537,
with helix 12 and the F domain deleted) were provided by Paul Webb and
expressed in CHO cells.

For cell localization of wt or S522A mutant ERa, we transiently expressed
GFP-tagged fusion proteins for each receptor in CHO cells. CHO cells were
grown and transfected on coverslips, and localization of the receptors was ex-
amined by laser-scanning confocal microscopy. We also colocalized the receptors
at the membrane with endogenous caveolin 1 by using an antibody to this protein
(Zymed Laboratories, South San Francisco, Calif.). Each section was processed
for GFP-ERa (green), caveolin 1 (second antibody conjugated to Texas red), and
colocalized caveolin 1 and ERa (yellow).

Signaling studies. Adenylate cyclase activity in the membrane was determined
by measuring cCAMP generation, by methods described previously (32), in
CHO-KI1 cells expressing wt or S522A mutant ERa after the cells had been
incubated for S min with 10 nM E2. IP generation and ERK (MAP kinase)
activation in the CHO cells were also determined as described in detail elsewhere
(32). Activation by E2 of an ERE-luciferase reporter in ER-transfected CHO or
MCF-7 cells was assessed at 8 h of exposure to 10 nM E2, as previously published
(32). Membranes were isolated by sucrose gradient centrifugation (31).

Myristylation, palmitoylation, and PI-PLC studies in CHO-K1 cells. Cells
were grown on 100-mm-diameter petri dishes in Dulbecco’s modified Eagle
medium (DMEM)-F12 medium without phenol red. Twenty-four hours after
transfection with ERq, the cells were synchronized overnight and then labeled
with [*H]palmitic acid (0.5 p.Cifm!) or [*H]myristic acid (0.2 pCi/ml) for 2 h, The
cells were incubated for 8 h in the presence or absence of 10 nM 178-E2, washed
with cold phosphate-buffered saline, and then lysed in buffer A (50 mM Tris-HCl
[pH 7.5], 5 mM EDTA, 100 mM NaCl, 50 mM NaF, 100 pM phenylmethylsul-
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fonyl fluoride, protease inhibitor cocktail, and 0.2% Triton X-100). Niclear
pellets were collected by low-speed centrifugation. Supernatants were centri-
fuged at 100,000 X g for 30 min to pellet cell membranes. Both pellets were
washed twice, once with buffer A and once without detergent. Membranes were
further purified by sucrose gradient centrifugation. Membrane and nuclear frac-
tions were denatured in SDS loading buffer followed by gel electrophoresis,
fluorography, and autoradiography. For phosphoinositol (PI)-PLC studies, the
cells were incubated with 1 U of PI-PLC (Sigma)/m! for 1 h. Cells were washed
and lysed, and the membrane and nuclear fractions were collected. Specific, total
binding studies were then carried out on 50 ! of nuclear or membrane protein,
incubated in DMEM-F12 medium (with no phenol red), bacitracin (1 mg/ml),
and 0.5% bovine serum albumin, and with 3H-labeled E2 and unlabeled E2
(107" to 1077 M).

Cyclin D1 protein expression, thymidine incorporation, and kinase activity,
MCF-7 cells were transfected with pcDNA3 (control) or ERa §522A, recovered,
then synchronized by serum deprivation for 24 h, and then incubated in the
presence or absence of 10 nM E2 for 8 h. In some cells, the soluble MEK
inhibitor PD98059 (10 M) was added to the incubation mixture 30 min prior to
the steroid. The cells were then lysed, precleared, boiled, denatured in SDS
reducing buffer, and electrophoretically resolved by PAGE. Western immuno-
blotting was then carried out using a polyclonal antibody (Santa Cruz). Nuclear
thymidine incorporation was carried out in nontransfected or transfected MCF-7
cells after synchronization overnight in serum-frec medium. All cells were then
incubated for 20 h in the absence or presence of 10 nM 178-E2. In some
conditions, the MEK inhibitor PD 98059 (10 pM) was added prior to the steroid.
After 20 h, 0.5 pCi of [*H]thymidine was added for 4 more h, as previously
described (32). Cells were then washed and incubated for 10 min with 10%
trichloroacetic acid at 4°C, followed by additional washes. Cells were lysed with
0.2 N NaOH overnight, and lysates were counted in a liquid scintillation
B-counter. For cdk4 activity, MCF-7 cells transfected with pcDNA3 (control) or
ERa $522A were incubated with E2 for 6 h and then lysed. The cell lysate was
added to a protein A-Sepharose-conjugated cdk4 antibody (Santa Cruz) and
then added to in vitro kinase activity tubes containing GST-pRB as a substrate,
as previously described (28). This was followed by SDS-PAGE separation and
autoradiography. Samples from each condition were assessed for protein loading
equivalence, where cdk4 protein was assayed by immunoblotting. For ERK
activity assays, transfected or nontransfected CHO, MCF-7, or ZR-75-1 cells
were synchronized for 24 h in serum, phenol red, and growth factor-free medium.
The cells were then exposed to E2 (10 nM) for 8 min with or without additional
substances, and kinase activity was determined by using myelin basic protein
(MBP) for the substrate, as previously described (32, 34). For p388 activity, the
cells were incubated with E2 (10 nM) for 20 min and then lysed, and the lysate
was immunoprecipitated with protein A-Sepharose conjugated to an antiserum
for p38B. Immunoprecipitated kinases were then added to the protein ATF-1 for
in vitro kinase assays as previously described (33). All experiments were repeated
two to three times.

Protein and ER association studies. Cytosolic fractions of CHO-wt ERa or
CHO-ERa $522A were incubated with protein A-Sepharose for 1 h, and super-
natants were transferred to fresh tubes containing protein A-Sepharose conju-
gated to caveolin 1 or ERa antibodies and were incubated for 4 h at 4°C.
Immune complexes were washed, boiled, and then separated by SDS-PAGE.
After transfer to nitrocellulose filters, the nonspecific proteins were blocked with
blocking solution (Bio-Rad) and incubatcd first with a primary antibody to ERa
or caveolin 1 for 2 h and then with a second antibody (Santa Cruz Biotechnol-
ogy). Bound immunoglobulin G's (IgGs) were visualized using ECL reagents
(Amersham) and autoradiography. Portions of the immunoprecipitated ERa or
caveolin 1 were immunoblotted for evidence of equal protein loading and equal
expression of total ER with the two constructs. In additional studies, MCF-7 cells
were transfected to express a GFP-ERa S522A protein or GFP alone. After
overnight recovery, the cells were lysed and immunoprecipitated with an anti-
body to GFP, followed by immunoblotting with antibodies to Src, Ras, and Raf
proteins (Santa Cruz). In CHO cells, His-wt ERa or GFP-ERa 5522A was singly
or doubly expressed. To detect homo- or heterodimerization in these cells, the
lysate was immunoprecipitated with an antibody to His, followed by blotting with
an antibody to GFP, or in reverse order. All studies were repeated at least three
times.

RESULTS

Comparison of wt and S522A mutant ERa binding after
expression in CHO cells. We first isolated the mouse ERa in
the PM after expression in CHO cells and partially sequenced
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the protein by peptide degradation-MALDI mass spectroscopy
(Razandi et al., unpublished). We identified a peptide (LA
QLLLILSHIRHMSNK) that corresponds to a portion of the C
terminus in the known mouse ERa sequence (2), beginning
with amino acid 508. Furthermore, HMS (boldfaced in peptide
sequence) was noted by computer modeling as a possible, but
not classic, palmitoylation site (35). We therefore asked
whether the ER was palmitoylated at this site (see below), and
we also mutated the critical serine at amino acid position 522
to alanine within the mouse ERa cDNA. Additional S-to-A
mutations at residues 10 and 582 were created by site-directed
mutagenesis, for comparison to mouse ERa S522A (48) and to
support the specificity of any findings.

We then expressed the wt and S522A mutant ERa con-
structs in CHO cells and carried out competitive binding stud-
ies in both nuclear and membrane compartments. By Scat-
chard analysis of the binding data (Fig. 1A), we found that the
receptor affinity for E2 (K,;) and the receptor number (B,,,,)
were very similar for the two ERa receptors in the nucleus
(Table 1). Similar transfection efficiencies were demonstrated
using GFP fusion constructs (data not shown). We also deter-
mined whether the function of the mutant nuclear ERa dif-
fered from that of the wt. We therefore cotransfected CHO
cells with either wt or S522A mutant ERa and an ERE-lucif-
erase reporter (32) and'determined the response to E2. We
found that the two receptors were comparably capable of re-
sponding to E2 with an upregulation of reporter activity (Fig.
1B). These data indicate that the replacement of S with A at
residue 522 does not affect the quantity of nuclear receptor
localization, its binding affinity for E2, or the transcriptional
response to the steroid.

In contrast, binding experiments revealed that expression of
the S522A mutant ERa resulted in 62% fewer receptors (B,,,.,)
in the PM than expression of wt ERa (Fig. 1A insets; Table 1).
This was found in three separate binding experiments, where
the reduction ranged from 57 to 65%. The binding affinities
(K,) for E2 at the membrane were comparable for wt and
mutant receptors. Thus, serine 522 is an important determi-
nant for full membrane localization of ERa.

It is possible that serine 522 is a phosphorylation site, al-
though this would not be a common mechanism for membrane
localization. By mass spectroscopy, there was no evidence of
phosphorylation on this residue. We also expressed the full-
length wt ER, the §522A mutant, or the E domain (ligand
binding domain) of wt ERa in CHO cells, targeting the E
domain to both nuclear and membrane locations. As seen in
Fig. 1C, the entire receptor is phosphorylated at serine/threo-
nine residues, but we find no evidence that the intact E domain
is similarly phosphorylated, either when targeted to the mem-
brane or when targeted to the nucleus.

To visualize the receptor at the membrane, we expressed
GFP-tagged wt or S522A mutant ERa in CHO cells and de-
tected membrane localization by confocal microscopy. As seen
in Fig. 1D, wt receptor expression clearly reveals a population
of membrane-localized sex steroid binding proteins, while the
mutant receptor does not. Both show a dense nuclear popula-
tion. We also examined colocalization of the wt or mutant ERa
at the membrane with caveolin 1. In Fig. 1E, wt ERa was
clearly seen at the membrane (arrow, panel A), in contrast to
sparse membrane expression of ERa S522A (panel D). Caveo-
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FIG. 1. (A) Competition binding of 178-[°H]JE2 to nuclear wt (left) or S522A mutant (right) ERa« transfected into CHO-K1 cells. (Inset)
Binding to cell membrane ERa. Data are transformed for Scatchard analysis by using the LIGAND program. Data shown here are from a
representative study; results from three separate experiments were combined to create Table 1. (B) Transactivation of an ERE-luciferase reporter
construct coexpressed in CHO cells with mouse wt ERa or the S522A mutant. Data were determined at 6 h after incubation with either 1 nM E2,
10 nM E2, or no steroid. *, P < 0.05 for the wt or the S522A mutant alone versus the same construct plus E2 (for data combined from three
experiments). (C) Serine/threonine residues in the full-length receptor, but not serine 522 in the E domain of ERe, are phosphorylated. Western
blotting utilized a specific antibody to serine/threonine residues (Sigma) from lysates of CHO cells transfected to express either the full-length
receptor or the E domain targeted to the PM or the nucleus. (D) Membrane localization of GFP-tagged wt ERa or $522A mutant ERa expressed
in CHO cells. Arrows indicate a greater membrane localization for wt ERa. Dense nuclear populations for both receptors are seen. (E) Colo-
calization of wt ERa with caveolin 1 at the membrane, but markedly less colocalization of ERa $522A. Results of a representative study are shown,
Arrows indicate differential ER expression (green) at the membrane (panels A and D) and equal caveolin 1 expression (red) (panels B and E).
The strong colocalization of wt ERa and caveolin 1 (yellow) (arrow, panel C) is not seen for ERa 8522A (arrow, panel F). (F) Total specific binding
of labeled E2 to membranes (left) or nuclei (center) in CHO cells expressing either S10A, S582A, or §522A mutant ERa or wt ERa. Data are
combined from three experiments. *, P < 0.05 for ERa §522A versus wt ERa or other S-to-A mutant receptors. (Right) Protein blot demonstrating
the purity of the membrane preparation. Caveolin 1 (Cavl) and 5' nucleotidase (5'NT) are integral membrane proteins, while transportin and

NTF-2 are nuclear proteins. B-COP is a Golgi protein.

lin 1 was clearly visualized at the membrane (Fig. 1E, panels B whether mutant ERa that lacked either the A/B or the C

and E). Colocalization of membrane wt ERa with caveolin 1
(Fig. 1E, panel C, arrow) was also scen for the S522A receptor
(panel F), but the latter showed decreased amounts colocal-
ized, reflecting a decreased number of receptors at the mem-
brane.

We next compared the binding of wt or S522A mouse ER«a
to that of S10A and S582A ERa constructs expressed in CHO
cells (Fig. 1F). Total specific binding of E2 was determined in
the nucleus and PM and revealed that both of the two addi-
tional mutant receptors were very similar to the wt receptor in
both compartments. By comparison, S522A expression again
exhibited significantly lower binding at the membrane only.
These data indicate the specificity of S522 for ER localization
at the cell surface.

Dissection of the contribution of other domains of ERa to
membrane localization and function. It is possible that ele-
ments contained within other domains of ERa contribute im-
portantly to membrane localization. In this respect, Schlegel et
al. (37) have recently shown that residues 1 to 282 (the A/B and
C domains) of human ERa bind to caveolin 1, a largely mem-
brane localized protein that facilitates membrane localization
of ER (31) and that, when overexpressed, promotes nuclear
ER localization and transcriptional action. We therefore asked

domain was capable of localizing to the PM and signaling to
ERK. We compared the effects of CHO cells expressing these
deletion or truncation mutants to those of CHO cells express-
ing wt ERa. We found that HE11G (with the A/B domain
deleted) and H19G (with the C domain deleted) were compa-
rable to wt ERa, both in specific binding of E2 at the cell
membrane and in ERK activation by the steroid (Fig. 2). In
contrast, a mutant with helix 12 and the F domain deleted,

TABLE 1. Binding characteristics of wt or S522A mutant mouse
ERc expressed in the nuclei and membranes of CHO-K1 cells

. . a Bmux
Localization K, (nM) (pmol/mg of protein)*

Nuclear

wt ERa 0.26 = 0.02 422 + 38*

Mutant ERa 0.25 = 0.02 395 + 26*
Plasma membrane

wt ERa 0.28 = 0.04 17.2 + 3.8}

Mutant ERa 0.27 £ 0.03 6.6 + 0.26

2 Data are from Scatchard analysis of competitive binding studies and are
means * standard errors of the means for three separate experiments combined.
* P <0.05 for B ,,, of corresponding nuclear versus membrane ERa. 1, P < 0.05
for B,a. of wt ERa versus §522A mutant ERa.




1638 RAZANDI ET AL.

>

20000

15000

10000

5000

3H-Estradiol Specific Binding (cpm)

°"
5 o > 5 o
i 2 2 g 292 g
E w w - w u &
g x g g T = 9
w w
E z E x
Nuclear Membrane
=
§
= ~
2 g 8 8 8 8
= + & + 08 + o &
T - - [}
w W w w
E T T T

MBP ~— i

protein wwwes {

1 2 3 4 5 6 7 8

FIG. 2. (A) Binding of E2 to the nuclei and membranes of CHO
cells expressing either HE11G (A/B domain deleted), HE19G (C do-
main deleted), or HEG0-537 (helix 12 and F domain deleted) ERa or
wt ERa. The study was repeated. (B) ERK activation in response to E2
in CHO cells expressing either wt ER« or a deletion mutant. Activity
was determined after 8 min of incubation with 10 nM E2. MBP was
used as a substrate for ERK activity. Total ERK protein is shown on
the immunoblot beneath the activity results.

HEGO0-537 (truncated at residue 537), specifically bound little
E2 in either the nuclear or the membrane compartment and
did not support E2 activation of ERK. Thus, the A/B and C
domains do not contribute to membrane ER localization and
signaling by E2. However, deleting a small but important re-
gion within the E domain (in conjunction with loss of the F
domain) has a profound effect on E2 binding to any ER pool,
as well as on membrane function. Further understanding of the
specific residues within the E domain that are required for ER
localization at the membrane will require the characterization
of a very extensive series of conservative mutations within this
region. These results support a focus on the E domain for
further understanding of the compartmentalization of ER.
ERa S522A is less capable than wt ERa of signaling from
the membrane, It was important to ascertain whether the loss
of membrane receptors resulting from expression of the S522A
mutant also affected signal transduction. We therefore com-
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pared ERK (MAP kinase) activation by E2 in CHO cells ex-
pressing wt or mutant ERa. E2 significantly stimulated ERK
activity after 8 min of exposure to CHO cells expressing wt
ERa (Fig. 3A, left). However, ERK activation in response to
E2 was reduced by 68% in CHO cells expressing ERa S522A
(relative to activation in cells expressing wt ERa) (Fig. 3A, left;
compare lanes 2 and 4). Activation of ERK by E2 was further
compared in CHO cells that expressed wt or SI0A or S582A
mutant receptors. Consistent with the binding data, the addi-
tional serine mutants were nearly identical to the wt in activa-
tion of this MAP kinase (Fig. 3A, right).

We then examined cAMP generation, reflecting adenylate
cyclase activation in the membrane, and found that E2 was
57% less capable of generating this cyclic nucleotide in S522A
mutant-expressing than in wt ERa-expressing CHO cells (Fig.
3B). Generation of cCAMP often arises from Gas stimulation,
which was previously demonstrated in response to membrane
ER activation by E2 (32). Finally, we measured IP generation
(Fig. 3C) and found a significant (53%) difference in produc-
tion between cells expressing the two types of ERa. IP gener-
ation commonly results from the activation of Gaq, which was
previously shown to be stimulated by E2 activation of mem-
brane ER expressed in CHO cells (32). These data indicate
that the reduction in membrane ER levels seen with S522A
protein expression has significant functional consequences,
and they further support the idea that E2 activates signal
transduction through the membrane (and not the nuclear)
receptor. To further support the latter concept, we subcloned
the full-length wt ERa« into vectors that contain membrane or
nuclear localization signals and also express a GFP fusion
protein (ECFP; Clontech). We then expressed in CHO cells
either nontargeted wt ERa or wt ERa targeted either to the
membrane or to the nucleus. As seen in Fig. 3D, expression of
the nontargeted wt ERa and especially the membrane-tar-
geted receptor supported rapid ERK activation by E2. In con-
trast, there was no activation of ERK in CHO cells expressing
nucleus-targeted ER. Combined with previous experiments
targeting the E domain to the membrane or nucleus (31), these
data show that it is the membrane ER that supports rapid
kinase activation in response to E2.

Palmitoylation, myristylation, and glucosylphosphoinositol
(GPI) anchor studies addressing ER localization at the mem-
brane. A number of posttranslational (or cotranslational) pro-
cesses have been found to facilitate the movement and anchor-
ing of proteins in the PM. To determine whether any of these
alterations helped explain how ER localized to the membrane,
we examined lipid modifications of ER. We expressed the wt
mouse ERa in CHO cells and then labeled the cells with
[PH]palmitate or myristic acid. As expected, there was no up-
take or incorporation of either lipid into the nuclear ERa.
Furthermore, we found that there was no incorporation of
myristate into the membrane ERa, consistent with the lack of
a consensus myristylation site determined either from our par-
tial sequence of membrane ERa or from viewing the known
full-length sequence (48). Similarly, a possible but nonclassic
palmitoylation site was identified from a peptide correspond-
ing to a region in the mouse ERa C terminus, encompassing
serine 522. However, in the membrane, there was no specific
incorporation of palmitate into ERa in either the presence or
the absence of E2 (data not shown). Other modifications, such
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FIG. 3. (A) (Left) ERK activity is stimulated by E2 in CHO cells expressing wt ERa but less so in CHO cells expressing $522A mutant ERa.
*, P < 0.05 for E2 versus the control (mouse ERa [mER«] without E2) in three combined experiments; +, P < 0.05 for ERK response to E2 in
CHO cells expressing wt ERa (lane 2) versus ERa S522A (lane 4) in three combined experiments. (Right) Comparable stimulatory effects by E2
on ERK activity in CHO cells expressing wt ERa or the S10A or S582A mutant (lanes 3 to 8). Lanes 1 and 2 show that the intrinsic ERK activity
of CHO cells expressing the empty vector, pcDNA3, cannot be stimulated by E2, due to a lack of endogenous ER. *, P < 0.05 for control versus
E2. (B) Generation of cAMP in response to E2 in CHO cells expressing wt or S522A mutant ER. (C) IP3 generation in response to E2 in the above
cells. Bar graph data are means * standard errors of the means from triplicate determinations per experiment and are from two (cAMP) or three
(IP3) combined studies. (D) Targeting ER to the membrane but not the nucleus allows E2 to rapidly activate ERK. CHO cells were transfected
to express either nontargeted wt mERa or wt mERa targeted to the nucleus (mERa-ECFP-nucl.) or the membrane (mERa-ECFP-memb.). Cont.,
control. The study was repeated.
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FIG. 4. ERa and caveolin 1 (CAV-1) association in the cytoplasm.
CHO-K1 cell cultures (100-mm-diameter dishes) were transfected with
10 pg of wt or S522A mutant ERa plasmid DNA. The cells were lysed,
and immunoprecipitation for caveolin 1 was carried out, followed by
immunoblotting for ERa (left panels); or the order was reversed (right
panels). Results shown are representative of three experiments.
Caveolin 1 and ERe immunoblots are shown (lower panels) to dem-
onstrate equal gel protein loading and equal expression of the two ER.
mERa, mouse ERa.

as farnesylation or geranylgeranylation, usually require con-
comitant palmitoylation and occur at the very end (usually the
N terminus) of the protein. No such sites were identified. Thus,
we conclude that ERa is probably not posttranslationally lipi-
dated to effect membrane translocation.

Addition of GPI to a protein in the Golgi complex serves to
anchor such modified proteins in the extracellular leaflet of the
PM (21). The PI-PLC enzyme cleaves GPI-modified proteins
and therefore releases these membrane proteins into the cul-
ture medium, so that they cannot be detected by binding ligand
at the cell surface. We found that treatment of the ER-express-
ing CHO cells with this phospholipase did not change the
binding of E2 to ER in the PM. Furthermore, the anchoring of
ER in the outer leaflet of the PM would generally preclude its
localization in the caveolae, a membrane domain where ER
has now been detected (6, 13). Thus, it is unlikely that ER
undergoes this posttranslational (cotranslational) modifica-
tion.

Interactions of wt or $522A mutant ERa with caveolin 1. It
was recently reported that endogenous ER physically associ-
ates with the caveolin 1 protein in both the PM and cytosol of
endothelial, vascular smooth muscle, and MCF-7 cells (31).
Furthermore, expression of full-length caveolin 1 in MCF-7 or
Caco-2 cells facilitates the movement of ER from the cytosol to
the PM. Thus, ER-caveolin binding is important for the ability
of ER to localize to the PM. We therefore examined whether
the S522A mutant receptor bound to caveolin 1 comparably to
wt ERo. This was accomplished in CHO cells, where we ex-
pressed the two ER constructs and utilized the endogenous
caveolin in these cells. The ER was immunoprecipitated from
the CHO cells, followed by immunoblotting for caveolin 1 (and
vice versa), and association was examined in the absence of E2.
In the cytosol of CHO cells, expression of either wt or S522A
mutant ERa resulted in the receptor complexing with endog-
enous caveolin 1. However, the association of ERa S522A with
caveolin 1 was 60% lower than that of wt ERa (Fig. 4). Im-
portantly, as shown, the total ER levels expressed from the two
vectors were comparable. These data are compatible with the
idea that $522 is important for binding to caveolin 1, a protein
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that facilitates the membrane localization of the steroid bind-
ing protein (31). Thus, we have identified a mechanism to
explain why ERa $522A is poorly localized to the PM.
Expression of S522A inhibits endogenous membrane ER
function. We then asked whether the expression of ERa
S522A interferes with the function of endogenous E2-ER sig-
naling from the membrane. To test this hypothesis, we tran-
siently expressed ERa S522A in MCF-7 and ZR-75-1 breast
cancer cells. It was previously shown that E2 induced rapid
signaling from membrane ER in these cells (33). In MCF-7
cells transfected to express pcDNA3 (control), E2 caused a
twofold activation of ERK activity via the endogenous mem-
brane ER (Fig. 5A, left; compare lane 1 with lane 2). In

. contrast, ERa S522A-expressing cells responded to E2 with

61% less activation of ERK (Fig. 5A, left; compare lanes 1 and
2 with lanes 3 and 4). Comparably, ERa S522A expression
resulted in a 70% decrease in ERK activation in E2-treated
ZR-75-1 cells (Fig. 5A, right; compare lanes 1 and 2 with lanes
3 and 4). We also determined that activation of ERK by epi-
dermal growth factor (EGF) or IGF-1 in MCF-7 cells (Fig. 5B,
first three columns) was not significantly affected by expression
of the mutant ER (last three columns). This demonstrates the
specific action of ERa S522A to impair only E2-ER signaling,
and it also indicates that signaling by the two growth factors
does not require an intact membrane ER signaling system. To
further establish the specificity of these results, we expressed
the S10A mutant in MCF-7 cells. There was no difference in
ERK activation in response to E2 between cells expressing
only endogenous ER (pcDNA3 transfected) and the same cells
additionally transfected with ERa S10A (data not shown).

The inability of ERa S522A to fully localize to the mem-
brane contrasted with the normal amount and function of
nuclear ER when this construct was expressed in CHO cells.
We therefore determined the specificity of S522A to serve as a
dominant-negative protein in MCF-7 cells for membrane but
not nuclear ER. MCF-7 cells were transiently transfected with
an ERE-luciferase reporter in the presence or absence of co-
expression of ERa S522A or pcDNA3. In pcDNA3-expressing
cells, E2 caused a dose-related, 2.5-fold maximal stimulation of
luciferase function (Fig. 5C). When the S522A mutant was
expressed in these cells, transactivation of this reporter by E2
was comparable. This indicates that expression of the mutant
ERa did not affect endogenous nuclear ER function.

To understand the cell biological effects of S522A expression
and the role of the endogenous membrane ERa, we examined
the ability of estrogen to promote cyclin D1 protein expression
and cdk4 activation in MCF-7 cells. It has previously been
shown that, in response to growth factors, signaling through
ERK 1o Ets protein phosphorylation transactivates the cyclin
D1 promoter and stimulates cyclin D1 protein synthesis (1, 15).
E2 has been shown to stimulate cyclin D1 transcription and
protein synthesis (47). We found that E2 was capable of in-
creasing cyclin D1 protein levels nearly threefold (Fig. 6A).
This was significantly related to ERK activation, since the
MEK inhibitor PD98059 substantially prevented this effect. It
was previously shown that PD98059 completely blocked E2
activation of ERK in MCF-7 cells (34). Importantly, expression
of ERa S522A inhibited the E2-induced increase in cyclin D1
protein levels by 68%. Thus, the ability of ERa S522A to
inhibit ERK activation arising from the endogenous mem-
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brane ER greatly contributed to the inhibition of the increase
in cyclin D1 protein levels.

We then determined the effect of E2 signaling on cdk4
activity. We found that E2 stimulated the important phosphor-
ylation of the retinoblastoma (Rb) protein by this kinase 2.5-
fold (Fig. 6B). Inactivation of Rb results from its phosphory-
lation mainly by cyclin D1-cdk4 and possibly by cyclin E-cdk2
and allows G,/S progression in many cell types (39). Expres-
sion of $522A resulted in a 70% decrease in the ability of E2
to activate cdk4 activity. The results indicate that signaling
from the membrane ER is important for a G, event that is
essential to breast cancer cell cycle progression.

We also assessed G,/S progression, determined by thymi-
dine incorporation into DNA. It has previously been shown in
MCEF-7 or ER-expressing CHO cells that E2 stimulation of
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FIG. 5. (A) Expression of ERa 8522A inhibits E2 activation of
ERK. MCF-7 (left) or ZR-75-1 (right) breast cancer cells (which
express endogenous ER) were transfected transiently to express either
pcDNA3 (control) or S522A mutant ERa. The cells were then exposed
to 10 nM E2 for 8 min, after which they were lysed, and immunopre-
cipitated ERK was assayed for activity by using MBP as a substrate.
Precipitated ERK protein is shown in the lower gels, and the bar
graphs each reflect three experiments combined. *, P < 0.05 for
pcDNA3 in the absence versus the presence of E2; +, P < 0.05 for
comparison of E2 treatments of pcDNA3-expressing versus ERa
8522A-expressing cells. (B) ERa S522A does not impair EGF or
IGF-1 activation of ERK. Data from three experiments are combined.
*, P < 0.05 for pcDNA3-transfected or ERa $522A-expressing MCF-7
cells in the absence .versus the presence of EGF or IGF-1. (C) E2
comparably activates an ERE-luciferase reporter in untransfected
MCF-7 cells and MCF-7 cells transfected to express ERa S522A. Bar
graph shows results for three experiments combined. *, P < 0.05 for
pcDNA3- or ERa S522A-transfected MCF-7 cells without versus with
E2.
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Relative luciferase activity
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DNA synthesis is partly regulated through the ERK signaling
pathway (5, 32). We found here that E2 caused a 70% increase
in thymidine incorporation into DNA, a marker of the S phase.
Two-thirds of this increase was blocked by PD98059. Thus, E2
utilizes several mechanisms to stimulate G,/S progression, but
ERK activation is the most important. Upon expression of
ERa S$522A, E2-induced thymidine incorporation was signifi-
cantly reduced, by 50%. Thus, expression of the mutant ERa
affirms the participation of the membrane steroid receptor in
this event.

It would be important to know if the dominant-negative
effect of the $522A mutant ERa extended to other cells. It was
previously shown that E2 activates p38p MAP kinase in endo-
thelial cells through endogenous membrane ER and that this
leads to the angiogenic and cell survival effects of E2 in these
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FIG. 6. (A) Cyclin D1 expression is increased in response to E2 and is dependent on ERK activation in wt MCF-7 cells. MCF-7 cells transfected
to express ERa $522A show a lower response to 100 nM E2. Data are representative of three experiments, which were combined for the bar graph.
* P < 0.05 for pcDNA3-expressing cells without versus with E2; +, P < 0.05 for cells incubated with pcDNA3 plus E2 versus the same condition
plus 10 uM PD 98059, or versus cells cotransfected with ERa $522A. (B) cdk4 activity is significantly downregulated by ERa S522A in MCF-7
cells. Cells were transfected with pcDNA3 or the mutant ER and exposed to 10 nM E2 for 6 h. cdk4 kinase was immunoprecipitated, and an in
vitro assay of activity was accomplished by using Rb protein as a substrate. Bar graph data are from three experiments combined. (C) E2-
stimulation of p388 activity in endothelial cells is inhibited by ERa S522A. Transfected endothelial cells were incubated with E2 for 20 min, and
p38p activity was determined against the substrate protein ATF-1. Data are from three experiments.

cells (33). Here, we report that E2 activation of p38B in endo-
thelial cells is 60% reduced when ERa S522A is expressed
(Fig. 6C). Thus, this mutant ER may be a useful tool for
determining the contributions of the membrane ERa to vari-
ous cell-signaling and biological functions.

Mechanisms of ERa S522A inhibition of endogenous ER
function. How might ERa §522A inhibit endogenous ER func-
tion? One possibility to explain the dominant-negative effect of
ERa S522A is that it might heterodimerize with wt ER. Dimer-
ization is necessary for ER to transactivate genes (43), and
heterodimerization between ERa and ERB has been reported
to inhibit ERa function (29). Since the S522A mutant does not
translocate effectively to the PM, it could potentially bind and
sequester the endogenous receptor, thus interfering with its
signaling function. To assess possible heterodimerization, we
expressed GFP-tagged ERa S522A and His-tagged wt ERa in
CHO cells and performed pulldown studies. After lysis, the cell
extracts were immunoprecipitated and blotted with anti-GFP
and anti-His antibodies, in both orders. After E2 treatment of
cells where either or both tagged forms of the receptor were
expressed, we found evidence for homodimerization and het-
erodimerization of wt and mutant ERa (Fig. 7A). As specificity
controls, the fourth lanes show a lack of ER when His-tagged
wt ERa is expressed and immunoprecipitated but blotting is
done with an antibody to GFP (Fig. 7A, left), and when GFP-
tagged ERa S522A is expressed but blotting is done with an
antibody to His (Fig. 7A, right). Furthermore, 8522A mutant
ERa was as capable as wt ERa of dimerizing to wt ERa (Fig.
7A, left). These data indicate that ERa S522A can bind to wt

ERa, thereby potentially sequestering or otherwise limiting
endogenous receptor signaling from the membrane.

To further examine this mecchanism, we determined the
membrane localization of wt ERa in CHO cells transfected to
express equal amounts of either (i) GFP-tagged wt ERa plus
His-tagged wt ERa or (ii) GFP-tagged wt ERa plus His-tagged
ERa S522A. As seen in Fig. 7B, expression of ERa S522A
substantially decreased the membrane localization of GFP-
tagged wt ERa. By contrast, nuclear receptor expression was
not different. Thus, ERa S522A inefficiently translocates to the
cell surface and also prevents wt ERa PM localization after
heterodimerization. These results provide a mechanism for the
dominant-negative action of the mutant ERa, but other effects
are tenable.

Membrane wt ERa and S522A mutant ER« bind equally to
signaling molecules. It is also important to consider that mu-
tation of serine 522 to alanine might disturb the inherent
ability of membrane ER to associate with important signaling
molecules. This could contribute to the differential signaling
from the membrane by wt versus S522A mutant ERa. To
investigate this, we transfected CHO cells to express either wt
or S522A mutant ERa. We immunoprecipitated the ER from
membrane preparations and then normalized the proteins for
equivalent amounts of receptor(s), as indicated by Western
blotting (Fig. 7C). We then took separate (normalized) ali-
quots of immunoprecipitated wt ERa or ERa S522A and im-
munoblotted the aliquots for Ras or Raf. We found that the
two receptors associated equally with the Ras or Raf signaling
molecules in the presence of the steroid (Fig. 7C, left). Control
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FIG. 7. (A) Homo- and heterodimerization of wt and ERa S522A after expression in CHO cells. Doubly or singly transfected cells were first
exposed to 10 nM E2 for 10 min and then lysed, and the lysate underwent immunoprecipitation (IP) with an antibody to His or GFP, as indicated,
eventually followed by blotting with an antibody to GFP (left) or to His (right). Proteins were separated by SDS-PAGE under nonreducing
conditions (native gel). Molecular weight markers indicate the different sizes of the GFP-tagged wt ERa and His-tagged ERa $522A homodimers
and the intermediate size of the heterodimer. (B) Expression of S522A prevents wt ERa localization at the membrane. CHO cells were transfected
with equal amounts of plasmids encoding GFP-tagged wt ERa plus His-tagged wt ERa (10 pg of total DNA/100-mm-diameter dish) or with
GFP-tagged wt ERa plus His-tagged ERa S522A. Localization of receptors was determined by confocal microscopy. (C) wt and §522A mutant
ERa equally associate with Ras, Raf, or Src at the membrane. (Left) CHO cells were transfected to express either receptor, and after
normalization, equal receptor protein aliquots were confirmed by Western blotting. Equal protein aliquots were used for immunoblots to
determine wt or mutant ER« association with Ras or Raf. The study was carried out in the presence of 10 nM E2 for 10 min and was repeated.
Immunoprecipitation with no antibody (ab) or an irrelevant antibody to the endothelin-1 peptide did not yield a protein band. (Right) MCF-7 cells
were transfected with His-tagged ERa S522A (lanes 2 and 3) or with His-tagged pcDNA3 (lane 1) and were incubated or not with 10 nM E2 for
10 min. The cells were lysed and immunoprecipitated for ERa (lane 1) or for His (lanes 2 and 3), then immunoblotted for Src. Expression of
His-tagged pcDNA3 did not coprecipitate Src (data not shown).

immunoprecipitations without an antibody or with an irrele- association with important signaling molecules by ERa §522A
vant antibody to endothelin-1 (ET-1) did not bring down a Ras  that can account for the differences in signaling from the mem-
or Raf protein band. Especially important is the association of ~ brane. Thus, we believe that it is primarily the membrane
ER with Src, which has been reported to bind to tyrosine 537  receptor number that determines the differences in signaling.
of ERa (24). We examined the effect of expression of ERa

S$522A on subsequent Src association with ER in MCF-7 cells.
. DISCUSSION
As seen in Fig. 7C (right), endogenous ERa associated with .
Src comparably to the S522A mutant receptor, and this was The presence of a PM ER in human cells that enacts signal

unaffected by E2. This suggests that there is no alteration of  transduction and thereby contributes to the cellular effects of
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E2 is increasingly accepted (14, 33, 34, 40, 49). E2 signaling
through PI 3-kinase in vivo rescues muscle from ischemia-
reperfusion injury (40), while activation of ERK prevents
breast cancer (34) or osteoblast (14) cell death. Recently, Mar-
quez and Pietras have shown that administration of antibodies
to ERa in nude mice blocked the growth of human breast
cancer xenografts (23). This probably resulted from inhibition
by the antibodies of membrane ER signaling to ERK and PI
3-kinase. Spatially, the receptor appears to be localized pri-
marily but not exclusively to caveolar fractions of the PM (6,
13). In this confined area, ER potentially interact with a variety
of signaling molecules that must localize to the PM for activa-
tion. The PM ER acts as a G protein-coupled receptor, directly
(31, 50) or indirectly (10), leading to activation of multiple
signaling pathways. This results in cAMP generation (4), PLC
and inositol triphosphate (IP3) activation (16, 41), and the
stimulation of cascades leading to enhanced activity of ERK,
JNK, and p38 MAP kinases (23, 32, 33). The importance of
these nongenomic mechanisms of estrogen action is analogous
to that of the actions of steroids in plants. In Arabidopsis spp.,
brassinosteroids mediate plant cell developmental growth and
fertility (22), and cell action results from steroid binding to a
transmembrane, tyrosine kinase receptor protein (44). Thus,
steroid action at the cell surface is an ancient function con-
served from plants to humans, further indicating its impor-
tance.

One important issue with regard to the cell surface ER that
we addressed here is the structural requirements for a popu-
lation of ER to translocate to the PM. We found that ER are
not posttranslationally lipidated, as occurs with other PM-lo-
calized proteins. Rather, we identified serine 522 as important
for membrane translocation. Compared to expression of wt
mouse ERa, mutation of this serine to alanine resulted in 62%
fewer receptors expressed at the membrane, with little influ-
ence on receptor affinity for ligand. However, there was no
appreciable effect on the nuclear receptor numbers, affinity,
and function (transactivation of an ERE-luciferase reporter).
Furthermore, expression of the S522A mutant receptor was
markedly less efficient in supporting E2-induced ERK activa-
tion, CAMP generation, and stimulation of IP3 than wt recep-
tor expression. Presumably, reduced signaling resulted from a
decreased number of receptors available at the membrane.
Supporting this, we did not find a loss of association at the
membrane between $522A mutant ERa and signaling mole-
cules, compared to that for wt ERa. However, this receptor
can serve as a dominant-negative protein for wt ER when
expressed in MCF-7 cells, and therefore additional mecha-
nisms of abolishing signal transduction may be relevant (see
below). Supporting the specificity of our results, we found that
substitution of alanine for serine at residues 10 and 582 of the
mouse ERa had no effect on either E2 binding to the mem-
brane or signaling by E2, when these mutants were compared
to wt ERa.

How does ERa localize to the membrane, and how does
§522 contribute? It was recently determined that caveolin 1
protein facilitates the translocation of ER to the PM and that
the two endogenous proteins physically bind in both the cytosol
and the PM (31). The scaffolding domain of caveolin 1 (amino
acids 82 to 101) is essential for this protein to move from the
cytosol to the membrane (3, 27), and we determined that the
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scaffolding domain facilitates ER movement to the PM. An
important question, then, is whether serine 522 is necessary for
the association of ERa and caveolin 1. We report here that in
the cytoplasm, the physical association between these two pro-
teins was 60% decreased by the mutation of serine 522. In
contrast, association of caveolin with $10- or S582-mutated
ERa was comparable to that with wt ER (data not shown). It
has recently been shown that residues 1 to 282 of ERa bind to
caveolin 1 (37). However, Lu et al. recently showed that caveo-
lin 1 associates with the androgen receptor through both N-
terminal (A/B domain) and E domain elements (20). We found
that an A/B domain deletion mutant ERa localizes to the
membrane and supports E2 signaling to ERK equivalently to
wt ERa. Thus, the interaction between caveolin and the N
terminus of ER may not be functionally important for the
membrane ER.

What supports the relevance of S522A for ER action at the
membrane? Kousteni et al. showed that by targeting only the E
domain of ERa to the PM but not to the nucleus, E2 could
rescue cells from apoptotic death (14). It was recently demon-
strated that the E domain (and here the full-length ER) is
sufficient to convey robust ERK activation in response to E2
when targeted to the PM (31). These overall findings suggest
that the E domain is generally important for ERa actions
originating at the membrane. Identification of serine 522 pro-
vides a novel insight into the specific structural requirements
for membrane localization, steroid action, and cell biological
functions of E2. We suggest that similar examination of the
role of the ligand binding domains of the progesterone, andro-
gen, and other steroid receptors is warranted.

To establish the roles of the membrane ER in cell biology,
several approaches could be taken. Targeting of ER to only
one compartment in the cell may suggest a specific function for
a pool of the endogenous receptor. Another approach is to
devise specific agonists or antagonists for the membrane ER,
reagents that do not enter the cell to bind the nuclear receptor.
Several ER agonists have recently been described that disso-
ciate some membrane signaling from transcriptional activity
(14). However, ER signaling through the membrane receptor
stimulates gene transcription (9, 46), and thus, these two func-
tions may not always reflect membrane versus nuclear receptor
action, A third approach is to express mutant sex steroid re-
ceptors that specifically interfere with endogenous ER actions
at the membrane. We show here in MCF-7, ZR-75-1, and
endothelial cells that ERa S522A is capable of significantly
preventing E2 signaling from the endogenous membrane re-
ceptor. We propose that this could result from preventing
endogenous ER localization at the membrane. Since the
dimerization motifs for ERa do not involve serine 522, we
reasoned that wt and mutant ER could heterodimerize and
thus sequester wt ER from localizing fully at the PM. Support-
ing this, we provide evidence of heterodimerization between
the mutant and wt ERa and a loss of membrane wt ERa when
both receptors are coexpressed.

In MCF-7 or ZR-75-1 breast cancer cells, expression of ERa
$522A interfered with endogenous ER function. Expression of
ERa S522A inhibited E2-induced ERK activation, cyclin D1
production, cdk4 activity, and G,/S progression. Many of these
actions of E2 require signaling from the membrane to kinases
such as ERK. Furthermore, the utility of this approach was
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“shown in a second cell type, where membrane E2-ER signaling

to p38B MAP kinase (33) was significantly prevented by ex-
pression of ERa S522A. The strong inhibition of cyclin D1
protein in MCF-7 cells by ERa S522A expression and the
linkage to modulation of ERK activity suggests an important
therapeutic intervention in breast cancer. In vitro, E2 induc-
tion of cyclin D1 overcomes the tamoxifen-induced G,/S cell
cycle block (47). Also, tamoxifen sensitivity can be restored
through p27 function, resulting from ERK downregulation (8).
In this respect, limiting endogenous membrane ER signaling to
ERK (19) and cyclin D1 may be therapeutically desirable, as
suggested by our use of the S522A mutant ERa. It has also
been recently reported that specifically cyclin D1 is essential to
the development of rodent breast cancer, resulting from Ras or
Neu oncogene signaling (51). Cyclin D1 has several important
functions, but arguably the most important is the regulation of
the inactivating phosphorylation of the Rb protein by cdk4,
allowing E2F release and the subsequent transcription of genes
that drive cell cycle progression in breast cancer (39). Our
demonstration that ERa S522A significantly limits these
events both points out therapeutic targets and reveals the im-
portance of E2 signaling from the membrane. The ultimate
goal of hormone replacement after the menopause is to acti-
vate specific, desirable effects of sex steroids (osteoblast sur-
vival) without invoking unwanted actions (breast cancer pro-
liferation). This strategy will be best served by defining the
array of discrete actions of E2 that result from binding at
membrane and nuclear ER in various target cells. Expression
of ERa S522A may be very useful in this regard.
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BRCA1 mutations and estrogen use are risk factors for the development of breast caxncer. Recent.work has,
identified estrogen receptors localized at the plasma membrane that signal to cell biology. We examined the
impact of BRCA1 on membrane estrogen and growth factor receptor signaling to breast cancér cell prolifer-
ation. MCF-7 and ZR-75-1 cells showed a rapid and sustained activation of extracellular signal-related kinase
(ERK) in response to estradiol (E2) that was substantiaily prevented by wild-type (wt) but not mutaint BRCAL.
The proliferation of MCF-7 cells induced by E2 was significantly inhibited by PD98059, a. specific ERK
inhibitor, or by dominant negative ERK2 expression and by expression of wt BRCA1 (but not mutant BRCA1).
E2 induced the synthesis of cyclins D1 and B1, the activity of cyclin-dependent kinases Cdk4 and CDK1; and
G,/S and G,/M cell cycle progression. The intact tumor suppressor imhibited all of these. wt BRCAL also
inhibited epidermal growth factor and insulin-like growth factor I-induced ERK and cell proliferation. The .
inhibition of ERX and cell proliferation by BRCA1 was prevented by phosphatase inhibitors and by iiaterfering: o
RNA knockdown of the ERK phosphatase, mitogen-activated kinase phosphatase 1. Our findings supporta. . . .-
novel tumor suppressor function of BRCAL1 that is relevant te breast cancer and identify a potentlal mteractlven_' )

risk factor for women with BRCA1 mutations.

: . APPENDIX 5

Mutations of the BRCA1 and BRCA2 genes strongly in-
crease the risk of developing breast and ovarian cancer in
women and prostate cancer in men (2, 21, 46). The intact
BRCAL protein has several functions that prevent cancer de-
velopment, including DNA repair, activation of cell cycle check-
points, and induction of chromosome stability (10, 17, 22, 40, 46,
49). BRCA1 may induce p53-independent cell cycle arrest in
breast cancer cells when highly overexpressed (11, 38) but more
often collaborates with p53 for this function. The partnering of
BRCAI1 with the BARD protein activates ubiquitin E3 ligase
activity and leads to proteasomal degradation of relevant proteins
{1). These or other undefined functions that are compromised by
BRCAI mutation contribute substantially to carcinogenesis.

Cells that transform in a background of BRCA1 mutation
are initially hormone responsive. In one such malignancy,
breast cancer, estradiol (E2) use after menopause is a risk
factor (2, 35). Although many BRCA1 mutant-related breast
tumors lack estrogen receptors (ER) at the time of diagnosis
(16), some studies suggest that an interaction between estro-
gen and BRCA1 may contribute to early tumor pathogenesis.
Bilateral prophylactic ovariectomy is associated with a signifi-
cantly reduced incidence of breast cancer in women carrying
mutant BRCA1 (33), while men with single allelic BRCA1
mutations have a much lower incidence of breast malignancy
than women carrying the same mutation (42). Although E2
upregulates BRCA1 expression, this may indirectly reflect the
proliferative actions of the sex steroid (19). It is unclear
whether BRCA1 upregulation has biological consequences.
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Long Beach VA Medical Center/UC—Irvine, 5901 E. 7th St., Long
Beach, CA 90822. Phone: (562) 826-5748. Fax: (562) 826-5515. E-mail:
ellis.levin@med.va.gov.

More important, however, may be the functional interactions. .
between the sex steroid and the wild-type (wt) tumor suppres-

sor protein. BRCAL1 inhibits both ligand-independent (54) and
-dependent (6) transcription induced by nuclear ER. This in-
hibition results in part from the ability of the N terminus of
BRCA1 (amino acids 1 to 300) to physically interact with the
AF-2 domain of nuclear ERa (7). However, the impact of the
interactions between BRCA1 and nuclear ER on breast cancer

biology is unclear.

E2 traditionally has been described to induce transcription
through nuclear ER (48). However, E2 also rapidly activates
both transcription and the modification of protein function
through kinase activation (24, 29). Plasma membrane-associ-
ated ER usually mediates this signaling, activating G proteins
and the extracellular signal-regulated protein kinase (ERK)
cascade; this signal significantly influences the survival of the
breast cancer patient (29). The majority of studies also suggest
the possibility of a role for ERK in E2-induced cell prolifera-
tion (18, 30, 36). Breast cancer growth factors such as epider-
mal growth factor (EGF) or insulin-like growth factor I
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(IGF-T) utilize similar signaling pathways to stimulate cell pro- ~.:

liferation, which results from the activation of their 'm'em‘b.ran'e;: :
tyrosine kinase receptors. Furthermore, membrane ER signal~ ' )
ing to ERK in breast cancer results from cross talk to EGF' .

receptor (EGFR) transactivation (8). Thus, it is potentially’ AQ::

important to understand whether BRCA1 influences this.

mechanism of both membrane ER/E2 and growth factor action:
as a novel tumor suppressor function,

MATERIALS AND METHODS

Cell lines and materials. MCF-7, ZR-~75-1, and HCC-1937 breast cancer cells
were obtained from the American Type Culture Collection. Estradiol was ob-
tained from Sigma, and ICT182780 was obtained from AstraZeneca (kindly
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provided by Alan Wakeling). EGF, IGF-L, tyrphostin AG1287; and PD98059"
were purchased from Calbiochem. Antibodies were from Santa Cruz Biotech-

nology, Inc. Duplexed RNA oligomers for MKP-1, green fluorescent protein
{GFP), and BRCA1 were synthesized by QIAGEN.

Kinase activity studies. For ERK activity assays, the cells were synchronized

for 24 h in serum, phenol red, and growth factor-free medium. The cells were
then exposed to 10 nM E2 for 9 min with or without additional substances, and
the cells were then lysed and immunoprecipitated for ERK2 as previously de-
scribed (25). Immunoprecipitated ERK2 samples were resuspeaded in 40 ul of
kinase buffer containing [**PJATP and myelin basic protein (Sigma) as the
substrate for the in vitro assay (25). Equal aliquots of immunoprecipitated ERK
from each condition were also immunoblotted to show equai gel loading. All
experiments were repeated two to three times.

For phosphatidylinositol 3-kinase (PI3K), phosphorylation of AKT at serine
475 was determined after 15 min of exposure to E2 as an indication of activation
{25). Cuitured cell lysates were pelleted and dissolved in sodium dodecyl sulfate
sample buffer, boiled, separated, and then transferred to nitrocellulose. Phos-
phorylated AKT was detected by using phosphospecific monoclonal antibodies
(Santa Cruz) and an ECL Western blot kit (Amersham). For Cdk4 activity,
studies methodologically similar to that described for ERX were carried out at
16 h using the retinoblastoma protein as a substrate (26). For CDK1 activity,
samples were obtained from cells after 36 h of incubation under various condi-
tions, including HCC-1937 cells expressing wt BRCAL. CDK1 was immunopre-
cipitated using monoclonal antibody (Santa Cruz), and activity was determined
by an in vitro assay with histone H1 as a substrate.

Traosient transfection and constructs. Fusion plasmids encoding wt BRCA1
(pcBRCA1-385) and mutant BRCA1 proteins (the 185delAG, 5677insA, and
T300G mutants; kindly provided by Michael Erdos) utilize the expression vector
pcDNA3. A constitutively active MEX-1 plasmid was obtained from Upstate
Biotechnology. HCC-1569 or MCE-7 cells were grown to 40 to 50% confluence
and then transiently transfected with 0.5 to 10 pg of fusion plasmids, depending
on the plate size and the amount of cells, with Lipofectamine reagent (GIBCO-
BRL, Grand Island, N.Y.); cells were incubated with liposome-DNA complexes
at 37°C for S h, followed by overnight recovery in 10% fetal bovine serum. Then,
prior to experimental treatment, the cells were synchronized in serum-free Dul-
becco’s minimal essential-F-12 medium for 24 h and then treated with 17-8-E2
and/or related compounds. Cotransfections with a GFP expression vector indi-
cated 50 to 63% efficiency of transfection. Additional plasmids included mouse
ERa in pcDNA3, containing nucleotides 17 to 2001 of the steroid receptor, or
the pcDNA3 backbone vector and were kindly provided by Ken Korach (5).
ERK2(Y185F), a potent dominant negative construct for the mitogen-activated
protein (MAP) kinase, was a kind gift from Melanie Cobb (34), and in additional
studies, a small interfering RNA (siRNA) for BRCA1 was expressed. The DNA
sequence against which double-stranded RNA for BRCA1 was created is 5'-T
GCCAAAGUAGCTGATGTA-3'. Double-stranded RNA was transfected into
MCEF-7 cells, by using Oligofectamine, as 0.3 g of siRNA/well of a six-well plate.
In some studies, MCF-7 cells were transfected to express wt BRCAL, recovered,
and then incubated with actinomycin D 6 h prior to the incubation with E2. ERK
activity was then determined over time.

Proliferation studies. HCC-1937 cells were transfected to express ERa with or
without wt BRCAL alone or with dominant negative ERK2(Y185F). The cells
were recovered overnight in serum and synchronized without serum for 12 to
24 h. The cells were then incubated in 0.2% serum (to prevent apoptosis of
control cells) with or without 10 nM E2 and other substances added daily in fresh
medjum for 72 h, trypsinized, and counted with a Coulter counter or hemocy-
tometer. Viability was determined by trypan blue exclusion analysis, and the
counts were adjusted. Some experiments used MCF-7 or ZR-75-1 cells trans-
fected with mutant or wt BRCA1. In additional studies, the E domain of ERa
was transiently expressed and targeted in HCC-1937 cells to either the nucleus
(E-Nuc-ECFP) or the plasma membrane (E-Mem-ECFP) (13) as previously
described (31, 32). Proliferation was aiso detected in MCF-7 cells by bromode-
oxyuridine (BrdU) labeling. After 24 h of treatment with 10 nM E2, the cells
were incubated for 1 h with BrdU (dilution, 1:100) according to the manufac-
turer’s protocol (Zymed, South San Francisco, Calif.). The cells were then fixed
with 70% ethanol, and the incorporated BrdU was detected by an indirect
immunoperoxidase method (Amersham, Arlington Heights, Ili.). Briefly, the
cultured cells were incubated for 1 h with biotin-linked, mouse anti-BrdU anti-
body. After being washed in 20 mM Tris-500 mM NaCl-0.05% Tween 20
solution (pH 7.5), the cells were further incubated with biotinylated goat anti-
mouse immunoglobulin for 10 min. The cells were then washed and incubated
with peroxidase conjugates for 10 min at room temperature, and immunoreac-
tivity was revealed by the addition of chromogen as a substrate. The cells were

 beta-counter for released 3P, reflecting the FRK-directed phosphatiise-activity,

oounterstamed wnh hematoxylm, and the BrdU labclcd cells were counted: Th
study was repeated twice. - . ... .
Cell cycle and mununoﬂnorescence studles. The ceﬂ cyclc dxstnbuuon o
cells was determined after exposing MCF-7 cells to 10 nM E2 for 16 h {(G,/S) an
36 h (Gy/M). The cells were stained with propidium iodide, and the distribution: :
was determined by fluorescence-activated cell sorting (FACS). For the localiza:
tion of cyclin Bl during the G,/M transition, MCF-7 cells were fixed with 3%
paraformaldehyde and permeabilized with 0.2% Triton X-100: Indirect immu-
nofluorescent confocal microscopy was carried out with a monoclonal antibody.
to cyclin B1 and a fluorescein isothiocyanate-conjugated second. antibody. - -
Western blot analysis. Immunablot analyses of cell lysates were carried out for:
AKT, cyclins D1 and B1, or MKP-1 with monoclonal antibodies after the Iysates: ;-
were exposed to E2 for 15 min (AKT), 16 h (cyclin D1), or 36 h (cyclin B1 and
MKP-1) as described previously (31, 32). Proteins were detecxed with an ECL. . |
Western biot kit (Amersham). :
MEKP-1 studies. HCC-1937 cells were ttansfectcd to expms ERa plus
pcDNA3 or wt BRCAL, recovered, and synchronized. The' cells were then ex-. '+ ..
posed (or not exposed) to 10 aM E2 for 9 min with or without 1 uM sodium- . *-
vanadate (tyrosine phosphatase inhibitor) or 0.1 pM okadaic acid (serine/thre- -~
onine phosphatase inhibitor). The latter were added 20 min prior to the addition 2 G
of E2, and ERK activity was determined. In additional studies, double-stranded .
RNA for MKP-1 or GFP (control) was transfected into MCF-7 cells. Immuno- ., "
blotting for MKP-1 was done daily with lysed ceils over a 5-day period (temporal
profile). Based upon the significant knockdown of MKP-1 at 72 h, we expressed-
in MCF-7 cells the siRNA for GFP (control) or MKP-1, recovered the cells aver
24 h, and then expressed wt BRCAL. The cells were again recovered and syn-
chronized over 48 h, and then ERK activity was determined in response to 10 nM
E2. The DNA sequence against which double-stranded RNA for MKP-1
(QIAGEN) was created is 5’-GGACATGCTGGATGCCTTG-3". ’
Phosphatase activity assay. ERK-directed phosphatase activity was deter-
mined by modifying a phosphatase activity protocol from New England Biolabs.
MCF-7 cells were grown to 80% confluence and then labeled with inorganic 32p
(specific activity, 100 p.Ci/ml). The cells were lysed, and the lysate was subjected
to immunoprecipitation with agarose bead-conjugated polyclonal antibody
against ERK2 (Santa Cruz). This complex was extensively washed to remove
unincorporated 2P, After protein determination, equal amounts of labeled ERK
were used as a substrate for determining phosphatase activity under various
treatment conditions. Two days earlier, a second set of MCF-7 cells had been
transfected with pcDNA3 (control) or wt BRCA1 and then recovered and syn-
chronized. The cells were then incubated with or without 10 aM E2 for 9 min.
The cells were washed twice with Dulbecco’s minimal essential medium, scraped,
and then sonicated in phosph activity buffer (New England Biolabs). After
centrifugation, the supernatants (100 wl) from the cells subjected to cach treat-
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‘ment were added in separate tubes to equal aliquots of 32P-labeled ERK. The
- mixtures were then incubated with 100 ! of phosphatase activity buffer at 37°C. for

30 min. After microcentrifugation, S0 ul of each supernatant was- coumted: in L

Apoptosis. The influence of wt BRCA expression in MCF-7 c¢l cell death
was determined as previously described (29). MCF-7: cells weré grown on 18- -
mm-diameter coverslips in 12-well culture dishes in’ Dulbecco’s: minimal ‘essen: -
tial-F-12 medium without phenol red but with 0.2% charcoal-stripped serum -
added. The cells were transfected with pcDNA3 or wt BRCAL expressionplas- . -
mids, recovered, and then incubated in the presence or absence of 10 aM E2 for- - |
72 h. At the end of the incubation, the cells were washed with phospliate-buffered
saline and fixed with 1% freshly prepared paraformaldehyde in phosphate-
buffered saline, pH 7.4, at 40°C overnight. Apoptosis was then determined by the
terminal deoxynucleotidyltransferase-stimulated incorporation of nucleotides
into the 3-OH end of damaged DNA in the cell, detected by fluorescent anti-
bodies to the nucleotides (TUNEL) with a kit from Intergen, Purchase, N.Y. For
each experimental condition, 400 cells were visually scored for apoptosis and
viewed by fluorescence microscopy with standard fluorescein excitation and
emission filters. The study was repeated. Apoptosis was also determined by
FACS detection of Annexin V binding by use of a kit (Becton-Dickinson).

RESULTS

Estrogen activation of ERK is inhibited by BRCA1. We first
determined that in MCF-7 and ZR-75-1 cells E2 rapidly stim-
ulates ERK activation (Fig. 1A), which is substantially pre- F1
vented by the ER antagonist, ICI182780. It was previously
shown that ERK activation results from membrane ER ligation AQ:N
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FIG. 1. wt BRCAL1 but not mutant BRCAL1 inhibits E2-induced ERK activation. (A) MCF-7 (left) and ZR-75-1 (right) cells, both ER positive,
were transfected to express wt BRCAL or 185delAG mutant BRCAL1 or were transfected with pcDNA3 (control), recovered in serum, synchronized
overnight without serum, and then incubated with 10 nM E2 for 9 min. ERK activity against myelin basic protein was then determined. ERK
immunoblots are shown below activity to normalize activity for total ERK protein. The bar graph shows the combined resuits of three experiments.
Values are means + standard errors of the means, determined by analysis of variance plus Scheffe’s test (P values of <0.05 are considered
significant). Significance of results: », P of <0.05 for pcDNA3 versus same plus E2; +, P of <0.05 for pcDNA3 plus E2 versus BRCA1 (wt) plus
E2 or versus E2 plus ICI182780; ++, P of <0.05 for the 185delAG BRCA1 mutant versus same plus E2. (B) MCF-7 cells were transfected to
express pcDNA3 (control), wt BRCAI, or the 185delAG, 5677insA, or T300G BRCA1 mutant, and E2-induced ERK activity was determined.

Significance of results: *, P of <0.05 for pcDNA3 or mutant alone versus same plus E2; +, P of <0.05 for pcDNA3 plus E2 versus BRCAL (wt)

plus E2. (C) (Left) HCC-1937 cells were transfected with pcDNA3 or ERa, with-or without a wt BRCA1 expression plasmid; and E2-induced ERK
activity was determined. Significance of results: *, P of <0.05 for mouse ERa (mERa)-expressing cells versus same incubated with E2; +, P of
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" DCONAZ + E2 10 nM BRCA1({wt) + E2 10 nM

FIG. 1—Continued—<0.05 for ER-expressing cells plus E2 versus ER
plus wt BRCA1l-expressing cells plus E2. The data are from three
experiments. (Right) Expression levels of wt BRCA1l and mutant
BRCALI proteins in MCF-7 cells are comparable. MCF-7 cells were
transfected with pcDNA3 (control) or expression plasmids for wt
BRCA1 or two mutant BRCA1 proteins, 5677insA BRCA1 (InsA) and
T300G BRCAL The cells were recovered, and 24 h later, Western
blotting of the cell lysate was carried out with an N-terminal-directed
antibody to BRCA1. (D) Endogenous or expressed BRCAL1 localizes
to the nucleus of MCF-7 cells. MCF-7 cells on coverslips were trans-
fected with pcDNA3 or wt BRCA1, incubated with 10 nM E2 for 36 h,
and then fixed for 10 min, as described in Materials and Methods.
BRCAL1 expression was determined by immunofluorescent confocal
microscopy using a first antibody directed against the C terminus and
a second antibody conjugated to fluorescein isothiocyanate. The study
was repeated twice. (E) Endogenous BRCAL1 restrains E2/ER signal-
ing to ERK. (Top) Time course of BRCA1 protein knockdown by

" siRNA. MCF-7 cells were transfected to express an interfering RNA

for BRCA1 or GFP (control), and BRCAL1 protein knockdown was
determined by Western blotting. (Bottom) Expression of siRNA for
BRCAL1 augments E2-induced ERK. MCF-7 cells transfected to ex-
press siRNA for BRCA1 or GFP were incubated 72 h later with S nM
E2, and ERK activity was determined. wt BRCA1 was aiso cotrans-
fected. under one condition. A bar graph reflecting the combined
results of three experiments is shown. Significance of results: », P of
<0.05 for siRNA-GFP versus same plus E2; #*, P of <0.05 for siRNA-
BRCAL1 versus same plus E2; *, P of <0.05 for siRNA-BRCA1 plus E2
versus same plus wt BRCAL.

by E2 (31). Expression of wt BRCA1 also inhibited ERK
activation. In contrast, transfection of DNA for 185delAG
BRCAL, 4 null mutant protein found in women with breast
cancer, did not affect E2-induced ERK. Expression of two
other mutant BRCA1 proteins from women with familial
breast cancer, 5677insA BRCA1 and T300G BRCAl, also
failed to significantly alter E2-induced ERK (Fig. 1B). This
failure occurred despite the fact that wt and mutant BRCA1
proteins were comparably expressed after transfection in
MCF-7 cells (Fig. 1C, right). We also examined HCC-1937
cells that have an endogenous 5382insC mutation in BRCA1
(45) and lack ER. We expressed ERa with and without wt
BRCAL1 in the cells to levels of protein(s) comparable to those
of wt MCF-7 cells (data not shown). The ability of E2 to
stimulate ERK in the ER-transfected cells was significantly
inhibited when wt BRCA1 was coexpressed (Fig. 1C, left).
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Finally, we determined that endogenous BRCAI1 produced in
MCEF-7 cells (Fig. 1D, left) localized to the nucleus, as did
expressed wt BRCA1 (Fig. 1D, right).

We then asked whether endogenous wt BRCA1 restrains E2
signaling to ERK. First, MCF-7 cells were transfected with
double-stranded RNA oligomers to BRCA1 or GFP (control),
and BRCAI protein knockdown was determined over 96 h.
The siRNA for BRCA1l (and not the siRNA for GFP) pro-
duced significant inhibition of endogenous BRCAL1 expression
(Fig. 1E, top). We then examined the effects of this siRNA on
E2-induced ERK. E2 (5 nM) stimulated ERK activity in
MCEF-7 cells transfected with siRNA to GFP (Fig. 1E, bottom).
However, this effect was enhanced in cells transfected with the
siRNA to BRCA1l. When wt BRCA1 was transfected, it re-
versed the effects of the siRNA and restored E2-induced ERK.
This suggests a novel role for endogenous, intact BRCAI, to
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restrain ERK activation by E2. Overall, wt but not mutant
BRCALI proteins inhibit this signal from the membrane ER.
Estrogen and BRCA1l modulate ERK-induced cell prolifer-
ation. In order to understand the potential importance of the
ability of wt BRCAL1 to inhibit E2-induced signaling through
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ERK, we cultured MCF-7 cells with 10 nM E2 with and with-
out PD98059, a specific ERK kinase (MEK) inhibitor (25). The
cells were cultured for 3 days in the absence of other exoge-
nous growth factors but in the presence of 0.2% serum-to
prevent apoptosis of the control cells. After 3 days, E2 caused
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a 70% increase in cell number, and this increase was 75%
reversed by the MEK inhibitor (Fig. 2A, left). Similar effects
occurred in ERa-expressing HCC-1937 cells (Fig. 24, right).
To corroborate the role of ERK, we expressed a dominant
negative ERK2 construct (34) in the MCF-7 cells and com-
pared steroid-induced proliferation in this setting to that in
MCF-7 cells expressing the empty vector, We found that E2
was significantly less able to stimulate cell proliferation, de-
spite a 53% efficiency of transfection of the mutant ERK2 (Fig.
2B). Thus, signaling from the membrane to ERX significantly
contributes to E2-induced proliferation.

The inhibition by wt (but not mutant) BRCA1 of membrane
ER signaling to ERK possibly impairs cell proliferation. To
test this possibility, we carried out additional proliferation as-
says. E2 incubation for 3 days induced a significant increase in
numbers of MCF-7, ZR-75-1, and ERa-transfected HCC-1937
cells, blocked by the ER antagonist, ICI182780 (Fig. 2C).
When wt BRCA1 was transfected, MCF-7 (Fig. 2C, left) and
ZR-75-1 (Fig. 2C, right) cells underwent a significant reduction
in E2-related proliferation. In contrast, transfection of the
185delAG BRCA1 mutant did not significantly alter E2-in-
duced proliferation. Similarly, E2-treated HCC-1937 cells
transfected with ERa alone were greater in number than celis
expressing both ERa and wt BRCA1 (Fig. 2D). To support the
idea that wt BRCAI acts through the suppression of ERK, we
expressed a constitutively active MEK-1 construct that had
been validated previously (30). MEK-1 directly stimulates ERK
activity. Active MEK-1 reversed the ability of BRCA1 to inhibit
E2-induced cell proliferation in transfected HCC-1937 cells (Fig.
2E). At this level of expression, active MEK did not by itself
induce cell proliferation; it did so only in the setting of E2.

It is conceivable that wt BRCA1 expression induced cell
death in the setting of E2 exposure. To test this possibility,
MCF-7 cells on coverslips were transfected to express pcDNA3
or wt BRCAL, recovered, and then incubated with 10 nM E2
for 72 h. As shown in Fig. 2F, wt BRCA1 expression alone

'+ 'BRCA1 INHIBITS RECEPTOR SIGNALING IN BREAST CANCER

caused less than 5% cell death compared to that caused by cell
incubated with 0.2% serum (pcDNA3, control) or’ with. E2. .
Most importantly, we could detect an occasional ‘cell undergo-- -
ing cell death only when wt BRCAl-expressing cells were in- -
cubated with E2. As a positive control, UV exposure induced.
significant cell death, shown by TUNEL staining. Similar re~- -
sults were determined by FACS aralysis of Annexin V staining..
(data not shown). Thus, wt BRCAL1 inhibits: the growth but. -
does not induce the death of E2-treated MCF-7 cells.. .\ ..

We then determined the kinetics of E2-induced ERK and its:
regulation by BRCA1 over 72 h. E2-induced ERX was rapidly: -
upregulated by 9 min (first point assessed) and slightly declined
over the next 50 min but remained significantly increased during
the 3-day study. wt BRCA1 always suppressed E2-induced ERK = - .
activity by at least 70% (Fig. 2G). These results are consistent with AQ: Q
a role of ERK in the interactions of E2 and BRCA1, to modulate
cell proliferation over the same time period.

.We also determined whether the inhibition of transcription
modulated E2-induced ERK (Fig. 2H). We found that signal-
ing by the steroid at 9 min was unaffected by 6 h of pretreat-
ment with 4. M actinomycin D. These results are consistent
with our previous reports: targeting the E. domain or full- B
length ERa to the cell membranes. of previously ER-negative . .. ., ;-
breast cancer or CHO cells results in E2-inidiiced ERK activity. "
In contrast, targeting of these constructs to-the nucleus'does. -
not support this signaling (30, 32). Finally, we asked whether
BRCA1 might downregulate ER expression, leading to the
inhibition of E2 signaling. Endogenous ERa expression was
determined by Western blot analysis of both nuclear and mem-
brane compartments of MCF-7 cells after isolation of the frac-
tions by sucrose gradient centrifugation (25, 31). E2 caused the
moderate stimulation of ERa protein expression in both com-
partments, but this stimulation was unaffected by BRCA1 ex-
pression at both 24 and 48 h during E2 incubation (Fig. 2I).

E domain of membrane and nuclear ER« contributes to cell

_proliferation. Targeting the ligand binding domain (E domain)

FIG. 2. ERK activation by E2 is important for cell proliferation. (A) MCF-7 (left) or HCC-1937 (right) cells, the latter transfected to express- :
ERa, were incubated with 0.2% serum (control) with or without 10 nM E2 and with or without the MEK-1 inhibitor PD98059. After 3 days, the.
cells were trypsinized and counted. The bar graph represents the combined results from triplicate wells for each of two experiments: Significance~ - '’
of results: *, P of <0.05 for control versus E2; +, P of <0.05 for E2 versus E2 plus PD98059. (B) Dominant negative ERK2(Y185F) prevents.:
E2-induced cell proliferation. Cells were transfected with dominant negative ERK2(Y185F) or pcDNA3 (control), recovered, and then incubated |
with 10 nM E2 for 3 days. The resuits are from three experiments (n = 3). Significance of results: *, P of <0.05 for control versus E2; +, P of <0.05
for B2 versus ERK2(Y185F) plus E2. (C) Cell proliferation induced by E2 is prevented by wt BRCA1. MCF-7 (left) or ZR-75-1 (right) cells were
transfected with pcDNA3, wt BRCAL1, or 185delAG mutant BRCALI, recovered, and incubated with 10 nM E2 for 3 days. To some wells, 1 pM
ICI182780 (ER antagonist) was added (» = 3). Significance of results: #, P of <0.05 for control versus E2; +, P of <0.05 for E2 versus same plus
1CI182780 or E2 plus wt BRCAL. ++, P of <0.05 for BRCAL1 (wt) plus E2 versus 185delAG mutant BRCAL1 plus E2. (D) wt BRCAL1 expression
inhibits E2-induced proliferation in HCC-1937 cells. These cells were transfected with mERa plus pcDNA3 or wt BRCA1 and incubated with 10
nM E2 for 3 days. (E) Active MEK-1 reverses BRCAL inhibition of E2-induced proliferation. HCC-1937 cells were transfected with mERa. plus
pcDNA3, or mERa plus wt BRCA1, with and without active MEK-1 (n = 3). Significance of results: *, P of <0.05 for control versus E2, or ERa
pius BRCA1 (wt) plus MEK-1 versus same in the presence of E2 (last two bars); +, P of <0.05 for E2 versus same plus BRCAL1 in the presence
of ERa for both. (F) wt BRCAL1 does not induce apoptosis of E2-treated MCF-7 cells. MCF-7 cells were transfected to express pcDNA3 or wt
BRCAL and then recovered and incubated with and without 10 nM E2 for 72 h. Other cells were exposed to UV irradiation (50 J over 2 min).
BRCAI1 immunostaining revealed a 60% transfection efficiency. Apoptosis was determined by TUNEL staining. (G) Temporal kinetics of
E2-induced ERK activity. HCC-1937 cells were transfected with mERa without (open circles) or with (closed circles) wt BRCAL1. E2 was added
daily in fresh medium, and ERK activity, normalized for ERK protein, was determined over 72 h. (H) ERK activation by E2 is unaffected by
transcription inhibition. MCF-7 cells were transfected with a wt BRCA1 expression plasmid, recovered, and then incubated with the transcription
inhibitor actinomycin D, at 4 uM, for 6 h prior to the addition of 10 nM E2. The cells were subsequently processed for ERK activity at 9 min after
E2 addition. Total ERK2 protein is shown in this representative study of two experiments. (I) ERa protein is not modulated by wt BRCA1
expression. MCF-7 cells were transfected to express pcDNA3 (control) or wt BRCAL, recovered, and then incubated with 10 nM E2 for 24 or 48 h.
Membrane and nuclear fractions were isolated by sucrose gradient centrifugation, and Western blotting was carried out using the H-222 antibody
(directed against the ligand binding domain).
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of ERa to the plasma membrane (but not the nucleus) of
ER-negative breast cancer cells allows E2-induced ERK acti-
vation (31, 32) and the rescue of osteoblasts and HeLa cells
from apoptosis (13). Rapid signaling to ERK by E2 also resuits
in neuronal cell survival (39). We speculate here that the E
domain is sufficient for E2-induced signaling from the mem-
brane to cell proliferation. However, this does not preclude a
contribution to cell proliferation by a separate action of the
nuclear. ER, The effects of discrete pools of ER on the stimu-
lation of breast cancer cell proliferation have not been previ-
ously compared, and the ability of BRCA1 to prevent the two
pools of ER from inducing cell proliferation is unknown.

We therefore modeled this hypothesis by targeting the E
domain of ERa to the plasma membrane or nucleus of HCC-
1937 cells. The nonoverlapping cell localization of the two
constructs is shown in Fig. 3A. The membrane-targeted E
domain reflects this portion of ERa localized to the cytoplas-
mic face of the membrane, with a small amount of expression
perhaps taking place in ribosomes. Ligand binding studies us-
ing sucrose gradient-isolated cell compartments confirm that
there is a paucity of ER in the cytoplasmic fractions and none
in the nucleus. In contrast, the nucleus-targeted E domain is
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FIG. 3. (A) Distribution in HCC-1937 cells of the transfected E
domain of ERa, targeted to the membrane (E-Mem-ECFP) or nucleus
(E-Nuc-ECFP), or nontargeted (E-ECFP), as revealed by immunotlu-
orescent confocal microscopy. Note that the membrane-targeted E
domain appears only at the cell surface, while the nucleus-targeted E
domain is localized only to the nucleus. (B) The membrane-targeted

but not the nucleus-targeted E domain of ERa supports E2-induced. .. . - .- '

ERK. HCC-1937 cells were transfected with one of two targeted E--

domain vectors, pcDNA3 or wt BRCAL, recovered overnight,and then @ . -,
treated with 10 nM E2 for 9 min. ERK activity was then determined: ... .
The resuits of a representative study, repeated: twice, aré showm. . .. .".
(C) Membrane- and nucleus-targeted E domain contributes to E2-. .. .0

induced cell proliferation. Transfected HCC-1937 cells were recovered'
and then synchronized in the absence of serum or E2 for 16 h. The cells
were then exposed to 0.2% serum plus 10 nM E2 for 3 days. Some cells
were transfected to also express wt BRCA1. The bar graph represents
the combined resuits of three experiments. Significance of results: *, P
of <0.05 for control versus E2; +, P of <0.005 for E2 versus same plus
BRCAL

found exclusively in the nucleus. In our first studies, we found
that only the membrane-targeted E domain of ERa supported
E2-induced ERK (Fig. 3B). This effect was substantially in-
hibited by coexpression of wt BRCAl. We then carried out
proliferation studies. E2 induced a significant increase in the
number of cells expressing either the membrane- or nucleus-
targeted E domain (Fig. 3C). Significantly, wt BRCA1 expres-
sion prevented E2-induced proliferation of cells expressing
either membrane- or nucleus-targeted E domain. Expression
of BRCA1 in the absence of E2 had little effect on the number
of cells (data not shown).

BRCAL1 selectively affects signaling to cell proliferation, Sev-
eral molecules, including the PISK/AKT pathway (9), often
mediate cell proliferation that results from signaling initiated
at the membrane. As a function of PI3K, E2 stimulates the
activating phosphorylation of AKT on threonine 473 (Fig. 4A),
consistent with our previous findings (24). This pathway con-
tributes to E2-induced cell cycle events (see below). However,
BRCAL1 expression does not affect PI3K/AKT activity, indicat-
ing a relatively specific function of BRCA1, to block ERK
activity-related proliferation.

F4
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FIG. 4. BRCAI does not block E2-induced AKT activity. (A) MCF-7 cells were. transfected to express pcDNA3 or wt BRCA1 and recovered, and
E2-induced AKT activation and phosphorylation on serine 473 were determined by immunoblotting after 15 min of incubation. Protein loading of total
AKT is shown below the activity immunoblot; the study was repeated twice. (B) EGF-induced ERK is inhibited by wt BRCA1 expression. MCF-7 cells
were transfected to express pcDNA3 (control) or wt BRCA1 and then treated with 10 ng of EGF/ml for 9 min, and ERX activity was determined.
(C) IGF-I-induced ERK in MCF-7 cells is inhibited by BRCA1. MCF-7 cells were transfected to express pcDNA3 or wt BRCA1. After recovery, the cells
were incubated with IGF-1 at 20 ng/mi for 9 min, and ERK was determined. The results from a representative study, repeated twice, are shown.

BRCAL inhibits growth factor signaling to proliferation. Sig-
naling to ERK by other important breast cancer growth factors,
such as EGF and IGF-], rapidly occurs after these proteins bind
specific tyrosine kinase growth factor receptors in the plasma
membrane. Activation of ERK by these growth factor receptors is
aiso important for cell proliferation (12, 43). We therefore asked
whether BRCA1 could also inhibit this mechanism of EGF or
IGF-1 to stimulate breast cancer proliferation.

We first determined that BRCA1 prevents EGF-induced
ERK activation (Fig. 4B). This action coincided with the ability
of BRCA1 to suppress EGF-induced proliferation of HCC-
1937 cells (Table 1). The native cells express EGFR but not
ER and respond to EGF (but not E2) with significantly in-
creased proliferation (Table 1). EGF action was substantially
reversed by tyrphostin AG1478, a specific inhibitor of EGFR

TABLE 1. Interactions of estradiol and EGF with BRCA1 in
regulating HCC-1937 cell proliferation®

Expression vector Condition No. of cells (10%)

pcDNA3 Control 148 =15
E2 (10 nM) 158 =17
EGF (10 ng/ml) 227 = 20°
EGF + tyrphostin AG1478 154 = 17°
EGF + wtBRCA1 171 % 19°
Tyrphostin AG1478 152 +17

ERa Control 134 + 14
E2 (10 nM) 211 £ 21°
E2 + EGF 227 +18°
E2 + tyrphostin AG1478 160 = 16°
EGF 212 = 19°
EGF + tyrphostin AG1478 127 * 15°
E2 + EGF + wtBRCA1 174 £ 17°
EGF + wtBRCAl 170 * 15°
wtBRCAL- 124 £ 15

¢ Cells were transfected to express pcDNA3 or ERe with and without
wtBRCA1 and incubated with E2 or EGF and tyrphostin AG1478 (EGFR
tyrosine kinase inhibitor) for 3 days. Data are means * standard errors of the
results of three experiments combined, with triplicate determinations for each
condition in each experiment.

b P of <0.05 for control versus treated cells as determined by analysis of
variance plus Scheffe’s test.

¢ P of <0.05 for cells treated with E2 or EGF versus the samié plus tyrphostin
or BRCAL :

tyrosine kinase activity. In cells transfected to express ERa, E2
induced a strong proliferative response that was modestly en-

hanced by coincubation with EGF (Table 1). The lack of en- -

hanced proliferation in response to the combination of E2'and'

EGF may reflect the fact that E2 strongly induces- EGFR

transactivation (8, 32) so that the addition of EGF is not
significant. Notably, the proliferative responses hete to only’
EGF or E2 were nearly identical. We also found that prolif-

eration in response to E2 was inhibited by tyrphostin AG1478 ~

(Table 1). In contrast, addition of tyrphostin to the platelet-
derived growth factor receptor kinase activity had no influence
on E2-induced proliferation (data not shown). Thus, mem-
brane ER cross talk to the EGFR is essential for ERK activa-
tion (31) and breast cancer cell proliferation, as shown in the
present study. We also found that wt BRCA1 expression in-
hibits E2-, EGF-, or E2-plus-EGF-induced proliferation, con-
sistent with the ability of the tumor suppressor to downregulate

. ERK signaling. Finally, we investigated the interactions of

BRCA1 and IGF-I. IGF-I stimulated ERK activity (Fig. 4C)
and cell proliferation (data not shown), and these actions were
prevented by wt BRCA1 expression. Thus, wt BRCA1 broadly
suppresses signaling by established mitogens in breast cancer
cells, a novel action.

E2 induces G,/S and G,/M cell cycle progression that is
prevented by BRCAL. What proliferation-related actions of E2
are dependent on membrane ER signaling through ERK and
are opposed by wt BRCA1? The ability of E2 to induce cyclin
D1 production is significantly dependent upon ERK activation

in breast cancer (30). Cyclin D1 upregulates Cdk4 activity that’

contributes to the inactivating phosphorylation of the retino-
blastoma protein, leading to G,/S-phase cell cycle progression.
This is considered to be important for the proliferation of
breast cancer (51). Here, we found that E2 induces cyclin D1
protein in MCF-7 cells and that expression of wt BRCAl
significantly prevents this (Fig. 5A). E2 stimulates cyclin D1
through ERK and PI3K-related actions since the effects of E2
were partially reversed by PD98059 (MEK inhibitor) and
LY294002 (PI3K inhibitor). Cdk4 activity was also induced by
E2 via ERK and PI3K actions, and this was substantially re-
duced by BRCA1 expression (Fig. SB). These results were
corroborated by FACS analysis showing that the number of

AQ:S :

F5



F6

10 RAZANDIET AL = .

g g
s o~ .
£ = u .
A E g+ N g
8 - T w , &
£ o5k + w t s
o w wm W e J
S + 2T T L + < o
2 g = =
g £%s 3
-9 o o o -3
Cyclin D1 me—i e s S
Cyclin 81 mmmii o M e o jw e s Tms
1 2 3 4 5 6 7 8
2 3
B o - N N ©
P o8 8 & X
=E £ F + + + +
(] o b brd L] < [ ] ”
< - E ’<" ] g < <<
= < = =z = =
g 8 & 8 o o 8§ 4o
< [+ o [+ [ o o
S + M0 4O & 9 & &
Protain _’ e v e R WIS BN T W

BRCA1(wt)

BRCA1+E2

FIG. 5. BRCAL1 inhibits key cell cycle actions induced by E2.
(A) MCF-7 cells were transfected with wt BRCA1 or pcDNA3 (con-
trol) and then incubated with or without 10 nM EZ2 for 16 h (cyclin D1)
or 36 h (cyclin B1). For some cells, 1 uM PD98059, a MEK inhibitor,
or 10 uM LY294002, a PI3K inhibitor, was added. Cyclins were de-
tected by Western blotting. (B) MCF-7 cells were incubated with E2
after recovery from transfection. Cdk4 activity was determined after
16 h of incubation by immunoprecipitating the kinase from cell lysates
and adding a portion to an in vitro activity assay utilizing retinoblas-
toma protein as the substrate. CDK1 activity was determined after 36 h
of incubation by an assay with histone H1 as the substrate. CDK1 total
protein blots are shown below each sample. The results of three ex-
periments are represented. (C) Transfected MCF-7 cells were incu-
bated with or without E2 for 36 h. Cyclin B1 cell distribution was
determined by immunofluorescent microscopy during G,/M.

Mo:. Czau..‘onx,‘

ce!]s in S phase doubled after 16-k: ‘EZ mcubatlon The._,
passage of cells into S phase was reduced by 60%.by BRCAL
transfection or 70% by incubation with. PD98059. . i
Regarding the G,/M checkpoint, the cyclin Bl protein con-- -
trols the activity of CDK1 kinase, which: is necessary for pas-", .
sage into M phase (27). We found that E2 induces increased
cyclin B1 protein levels via both ERK and PI3K and that wt
BRCAL1 expression partially prevents this (Fig. 5A). E2 also
induced CDK1 activity (Fig. 5B), which is significantly pre-
vented by wt BRCA1 expression. BRCAL1 has previously been
reported to downregulate cyclin Bl production through un-
known mechanisms that impact gene regulation. To further
understand the interactions between E2/ER and'BRCA1 dur-
ing the critical G,/M transition, we determined the subcellular
localization of cyclin Bl. Cyclin Bl is diffusely distributed
throughout the cytoplasm in pcDNA3-transfected MCF-7 cells
(Fig. 5C). Expression of wt BRCAI in the absence of E2
similarly results in typical cytoplasmic localization of cyclin B1.
Following 36 h of incubation with E2, cyclin Bl translocates . -. ..
substantially to the nucleus (Fig. 5C, upper right). However,
when wt BRCAL is expressed and these cells ‘are incitbated
with E2, cyclin B1 remains. predominantly. cytoplasmlc Thus :
wt BRCAI inhibits E2-induced. cell cycle events that are es-':
sential to G,/S and G,/M progression..” . : ,
BRCA1 induces a specific ERK’ phosphatase ‘We ‘have es- .
tablished that BRCA inhibits E2 signaling through ERK and
that this is important for the growth regulatory actions of the
tumor suppressor. wt BRCA is predominantly a nuclear pro-
tein and sometimes transactivates genes or stabilizes proteins
that contribute to its role as a tumor suppressor (37). There-
fore, we postulated that BRCA1 induces a phosphatase with
strong activity against nuclear ERK. To test this idea, we de-
termined whether the ability of expressed wt BRCA1 to inhibit
ERK in ER-transfected HCC-1937 cells was dependent on
phosphatase activity. BRCA1 inhibited E2-induced ERK, but
this inhibition was partially reversed by either tyrosine or thre-

- onine/serine phosphatase inhibitors (Fig. 6A). Phosphatase in-

hibitors or BRCA1 alone had little effect when ERK: activity
was normalized for protein. We also found similar results for. . -
the reversal of BRCA1 inhibition of EGF- or IGF-I-mduced.
ERK activity (data not shown). : ’

We hypothesized that BRCA1 might mduce a dual—specxﬁc-
ity phosphatase with activity against ERK, such as MKP-1 (4).
We speculated that at 9 min, BRCAL upregulates ERK-di-
rected phosphatase activity and modulates the longer-term
inhibition of kinase through the induction of MKP-1 protein.
We first determined phosphatase activity directed against >2P-
labeled ERK. E2 (10 nM) alone significantly reduced ERK-
directed phosphatase activity in the MCF-7 cell lysate after 9
min of incubation, probably contributing to the activation of
this kinase by the steroid (Fig. 6B). In contrast, BRCA1 sub-
stantially reversed this action of E2, correlating with the acute
inhibition of E2-induced ERK.

To assess the longer-term effect of BRCAl, MCF-7 cells
transfected to express BRCA1 or pcDNA3 (control) were in-
cubated or not incubated with E2 for 24 h. MKP-1 protein
levels were then determined. BRCA1 significantly induced
MKP-1 protein only in the setting of cotreatment with E2 (Fig.
6C). Thus, it is in the state-of ERK activation (stimulated by
E2) that BRCA1 upregulates MKP-1 expression. This could
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FIG. 6. BRCAL activates phosphatase activity to downregulate ERK activity. (A) Phosphatase inhibitors reverse BRCA1 inhibition of

E2-stimulated ERK. HCC-1937 cells were transfected to express ER plus pcDNA3 or wt BRCAL, recovered and synchronized for 48 b, and then. .~

exposed (or not exposed [pcDNA3, lane 1]) to 10 nM E2 for 9 min. Under some conditions, the cells were also incubated with: 1:uM of ‘sodiuni:
vanadate (Van) or 0.1 pM okadaic acid (OK) 20 min prior to E2 addition. Phosphatase inhibitors or BRCA1 alone had little effect when ERK.
activity was normalized for protein. The bar graph reflects the combined results of three experiments. Significance of results: *, P of <0.05 for
pcDNA3 versus same plus E2; +, P of <0.05 for BRCA1 gwt) plus E2 versus same plus okadaic acid or same plus Van. (B) BRCA1 prevents
E2-induced downregulation of ERK phosphatase activity. *P-labeled ERK2 was prepared as described in Materials and Methods and used as a
substrate for an in vitro phosphatase assay. MCF-7 cells transfected with pcDNA3 (control) or wt BRCA1 were incubated with or without 10 nM
E2 for 9 min, and the cell§ were then lysed. Equal protein aliquots of cell lysate were then added to *?P-labeled ERK2 protein aliquots, and
phosphatase activity was determined. The data are from triplicate determinations for each condition and are representative of two separate studies.
{C) BRCALI upregulates MKP-1 protein. MCF-7 cells were transfected with pcDNA3 (control) or wt BRCAL, recovered, synchronized in the
absence of steroid or serum, and then incubated in medium with or without 10 nM E2 for 24 h. Western blot analyses from cell lysates were carried
out for immunoprecipitated MKP-1. The representative study was repeated twice. (D) siRNA for MKP-1 downregulates MKP-1 protein. MCF-7
cells were transfected with annealed, double-stranded RNA for MKP-1 or GFP by using Oligofectamine, as described in Materials and Methods.
Western blot analyses for MKP-1 were accomplished in cells lysed at 48, 72, and 96 h posttransfection. (E) siRNA for MKP-1 reverses BRCA1
inhibition of E2-induced ERK. MCF-7 cells were sequentially transfected with 0.3 ug of double-stranded RNA oligomers (to GFP or MKP-1) on
day 1, recovered, and then transfected 24 h later with pcDNA3 or wt BRCA1. After recovery and synchronization over 48 h in 0.2% serum, E2
was added for 9 min. ERK activity was determined 72 h after siRNA transfection. The experiment was repeated twice. (F) siRNA for MKP-1
prevents wt BRCAL inhibition of E2-induced proliferation. MCF-7 cells were transfected with pcDNA3 or wt BRCAL, recovered, and then
transfected with siRNA for GFP or MKP-1. The cells were recovered and then incubated with 10 nM E2 for 23 h, followed by BrdU pulsing for
1 h. The cells were fixed, and BrdU labefing was detected as described in Materials and Methods. The data are the means * standard errors of
the means for results with 1,000 cells counted per condition in each of three separate experiments and then combined.
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FIG. 6—Continued.

reflect a transcriptional upregulation of MKP-1 in the setting
of both E2 and BRCAL. Comparable to the interaction with
E2, BRCAI strongly induced MKP-1 when the cells were ex-
posed to EGF.

To specifically implicate MKP-1, we utilized an siRNA ap-
proach. We first transfected MCF-7 cells with double-stranded
RNA for GFP (control) or MKP-1 to determine protein
knockdown over 5 days. At 72 h, specifically the siRNA for
MKP-1 lowered the expression of this protein (Fig. 6D). We
then carried out ERK activation studies. Expression of the
siRNA for GFP, sequentially followed by transfection of
pcDNA3 (control), did not affect the strong activation of ERK
by E2 (Fig. 6E). When wt BRCA1 was expressed with the
siRNA for GFP, the activation of ERK by E2 was barely
evident. Upon expression of the siRNA for MKP-1, followed
by transfection of pcDNA3, E2 strongly activated ERK. In
contrast, when the siRNA for MKP-1 and the plasmid contain-
ing wt BRCA1 were sequentially expressed, E2 activation of
ERK was no longer inhibited.

We then determined whether MKP-1 knockdown also af-
fected cell proliferation. BrdU incorporation into the MCF-7
cells was stimulated by E2 and inhibited by wt BRCAL1 expres-
sion. However, in the presence of the siRNA for MKP-1 (but
not the siRNA for GFP), BRCAL inhibition of proliferation
was substantially prevented (Fig. 6F). Therefore, the ability of

BRCAI to upregulate 'ERK phosphatasc actmty via the‘_'
MKP-T1 protein s functionaily lmportant m biockmg E2—m- :
duced ERK and cell proliferation. e :

DISCUSSION ’

1t is estimated that up to 80% of women expressing mutant
BRCA] ultiniately develop breast cancer (21), but it is un-
known why such mutations only predispose to cancer of hor-
monally responsive tissues. This predisposition perhaps results
from a tumor-promoting interaction of mutant BRCA1 with
estrogen. Here, we report the novel finding that intact BRCA1
inhibits E2 signaling to ERK and breast cancer cell prolifera-
tion. In contrast, three mutations of BRCA1 that are com-
monly found in women with breast cancer fail to suppress E2
signaling to proliferation. Both effects of intact BRCA1 result
substantially from the ability of this tumor suppressor to induce
MAP kinase phosphatase production and activity. As an addi-
tional antiproliferative mechanism, the ability of BRCA1 to

block nuclear ER-induced transcription (6, 7) might also con- ... -,

tribute. We definitively implicated MKP-1 by use of an inter-
fering RNA approach. This finding is consistent with BRCA1

being localized mostly to the nucleus (3), where it. mhlblts the. . .

final step (effector) in membrane ER signaling to ERK ‘acti-

vation and cell cycle progression. Furthermore, BRCAl-in- " '

duced MKP-1 protein can accomplish the longer-term inhibi-
tion of E2-induced ERK, demonstrated in the present study
over 3 days. This is relevant to breast cancer since it is the -
sustained ERK signaling induced by growth factors in this
disease that stabilizes oncogenic proteins, such as c-fos (23).
The rapid activation of ERK stems from steroid ligation of
the plasma membrane pool of ER. Membrane targeting of
either (i) ERa that are deficient in the nuclear localization
sequence (53) or (ii) the E domain of ERa in ER null cells (31)
is sufficient for the rapid activation of this kinase by E2. In
contrast, targeting of only the E domain (31, 32) or full-length

. receptor to the nucleus (unpublished observations) does not

result in E2-induced ERK. We report here that the activation

_of ERK by E2 is not prevented by actinomycin D. This result

suggests that an important effect of the steroid is to modulate
acutely the activity of the kinase through inhibition of phos-
phatase activity as shown in the present study. It is also possible
that E2 prolongs the survival of ERK protein, contributing to
the long-term signaling by the sex steroid. We demonstrate the
importance of E2 signaling to ERK activation in that E2-
induced breast cancer cell proliferation is substantially pre-
vented by (i) a soluble inhibitor of ERK kinase or (ii) expres-
sion of a dominant negative ERK2 protein. E2 signaling
through ERK to cyclin D1 production and Cdk4 activity un-
derlies the passage of breast cancer cells through G, to S phase
of the cell cycle (30; present study). We also report the novel
finding that E2-induced signaling through ERK (and PI3K)
leads to cyclin B1 and CDK1 activity upregulation and passage
into M phase. These cell cycle effects of E2 are prevented by
BRCA1 and affirm in this setting the ability of this tumor
suppressor to induce G,/S and G,/M checkpoint activities (40,
49). Supporting a causal relationship between BRCA1 and
ERK, constitutively active MEK protein reverses BRCAI in-
hibition of E2-induced proliferation.

Breast cancer cells such as MCF-7 cells typically express
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both membrane and nuclear ER. In vivo, the admlmstratlon of

_ antibodies to ERa blocks the growth of human breast cancer
xenografts in nude mice, presumably through the prevention of

membrane ER signaling to ERK and PI3K previously demon-
strated in vitro (20). In addition, ERK and PI3K signaling
stimulates gene transcription that is relevant to breast cancer
(18, 47). The traditional function of the nuclear ER of trans-
activating relevant genes in this disease is important. However,
in breast cancer, an overexpressed and truncated MTA1 pro-
tein sequesters ER away from the nucleus and strongly reduces
E2-activated transcription yet promotes increased ERK signal-
ing and aggressive tumor behavior (14). These findings suggest
the additional importance of nontranscriptional actions of
ERK to the promotion of malignancy, and it was previously
reported that E2 signaling from the membrane increases cell
survival through posttransiational effects (29).

We show here the first comparison of the contributions of
distinct ER pools to breast cancer proliferation. Upon target-
ing the E domain of ERa to the plasma membranes of HCC-
1937 cells, E2 significantly stimulates cell division. This occurs
despite the fact that the nuclear ER is absent. Thus, some
events critical for E2-induced breast cancer cell proliferation
may require only the membrane E-domain function. It was
recently shown that targeting the E domain to the cell mem-
brane of ER-negative breast cancer cells caused a series of
G-protein-coupled signaling events that led to the transactiva-
tion of the EGF receptor and subsequent activation of ERK
(32). Targeting the E domain to the nucleus did not support
this signaling. However, targeting the E domain to the nucleus,
as reported here, results in E2-stimulated growth of the tumor
cells. This result supports the idea that both ER populations
contribute to breast cancer cell biology and impact common
key targets, such as cyclin D1 production. It is well recognized
that membrane growth factor signaling can augment nuclear
ER function (reviewed in reference 15), which occurs through
several mechanisms, including the activating phosphorylation
of nuclear ER and the recruitment of coactivator proteins.
Since membrane ER transactivates EGFR and ErbB2 (8, 32,
41), we propose an intégrated model wherein membrane ER
signaling though the tyrosine kinase growth factor receptors
augments nuclear ER function in MCF-7 cells, thereby pro-
moting proliferation. This proliferation occurs in addition to
the direct effects of kinase activation that modify the functions
of existing proteins and transactivate genes (24). As deter-
mined here, BRCAL1 inhibits proliferation arising from either
E-domain model.

An important finding is that intact BRCA1 also prevents
EGF and IGF-I signaling through ERK to cell proliferation.
EGF and EGF-1 are strongly implicated in the biology of
human breast cancer, where they signal through this member
of the MAP kinase family to cell growth (27, 50). EGF serves
as a ligand for important heterodimers of the EGFR family,
including the EGFR/ErbB2 heterodimer that is implicated in
breast cancer pathogenesis or aggressiveness. It was recently
demonstrated that E2 activates ERK in breast cancer via trans-
activation of the EGF receptor (8, 32). We find here that a
specific EGFR tyrosine kinase inhibitor strongly prevents E2-
induced cell proliferation. Thus, the ability of BRCALI to in-
hibit both membrane ER and EGFR-induced ERK activation
and subsequent proliferation is consistent with a functional

BRCAI INHIBITS RECEPTOR SIGNALING N BREAS ¥ CANCER

role of this cross talk between steroxd and growth facto re-.
ceptors. There is also abundant evidence that ER/IGF-I recep
tor cross talk participates in the biology of this mahgnancy
(reviewed in reference 15). Thus, in ER-positive cells, the
ability of intact BRCA1 to oppose individual and collective "
signaling from the membrane is likely to be important as a
tumor suppressor mechanism. -

Yan et al. recently reported that BRCA1 overexpressxon in L

MCF-7 cells results in JNK and ERK activation (50). The AQ:x . °.
latter signaling contributed to cell survival of BRCAL, only in ST
MCF-7 cells. However, those investigators did not determine
the interactions between E2 and BRCA1 nor the effects of
mutant BRCAL. Different subsets of MCF-7 cells have been
identified, and a minority actually respond to estrogen with cell
death. We find that BRCA1 expression stimulates JNK and
significantly induces apoptosis in MCF-7 cells only during an
additional stress (UV radiation or paclitaxel); this stimulation
is inhibited by E2 (unpublished observations). Here we show
that BRCA1 does not stimulate apoptosis, particularly when
E2 is present. BRCALI inhibits ERK as induced by E2 and -
growth factors for as long as 72 h. This finding is consistent: .. -
with a tumor-suppressive action of BRCA1. We further réport. . °
that BRCAL1 inhibits E2-induced ERK in three different breast
cancer cell lines, including HCC-1937 cells transfected: t6.ex-
press intact BRCA1, which represents a nonoverexpressxon‘w- 5
model for BRCA1 action. o

Estrogen use is a moderate risk factor for the development

-of breast cancer in women (35). This is attributed to the ability

of the sex steroid to promote cell proliferation and survival and
underlies the rationale for using tamoxifen, a drug that pre-
vents the in vivo development or recurrence of ER-positive
breast cancer (43). BRCA1 may serve as an endogenous re-
straint on both steroid and growth factor signaling to prolifer-
ation in women, the majority of whom have intact BRCA1l. We
propose that the loss of signaling restraint due to BRCAI muta-
tion might be a determining stimulus that promotes the develop-

- ment of breast cancer. This possibility could be relevant to both

ER-positive and ER-negative tumor development, as the latter is
dependent upon growth factor receptor signaling.
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